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PREFACE 

This is Volume II of a three volume report written on a research and development project 

conducted by Analysis and Measurement Services Corporation (AMS) for Arnold Engineering 

Development Center (AEDC). The purpose of this project was to develop equipment and 

procedures for in-situ response time testing of thermocouples using the Loop Current Step 

Response (LCSR) method. The principle of the LCSR method for response time testing of 

thermocouplas is covered in Volume I. This volume (Volume II) is devoted to the research data 

in support of the LCSR teat. It also provides the details of the experiments conducted to 

establish the validity and the accuracy of the LCSR method. The LCSR test equipment that was 

developed in this project is dascribed in Volume Ill under a separate cover. 

This Volume II report contains four appendices. The most important of these is Appendix 

C with the details of a survey of the aerospace community for the applications of the LCSR 

method. 
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1. INTRODUCTION 

This is Volume 2 of a three volume report on a research and development project 

successfully completed to develop equipment and procedures for measurement of the response 

time of thermocouples as installed in aerospace processes. This volume provides samples of 

the raw data and analysis results obtained during the research portion of Phase II of the two 

phase project. 

The development documented herein was based on the Loop Current Step Response 

(LCSR) technique as dascribed in Volumes 1 and 3 of this report. The data and results 

presented in this volume cover research conducted in the following areas: 

1. Laboratory validation of the LCSR method in water. 

2. Laboratory validation of the LCSR method in air. 

3. Effects of fluid flow rata on response time of thermocouplas in water. 

4. Effects of fluid flow rate on response time of thermocouplas in air. 

5. Determination of optimum electrical current and heating times for response 
time testing of thermocouples using the LCSR technique. 

6. Effects of various extension wire lengths on LCSR signals for thermocouplas 
in water. 

7. Effects of various extension wire lengths on LCSR signals for thermocouplas 
in air. 

8. Thermocouple Calibration 

A. Thermocouple calibration repeatability. 
B. Effects of LCSR testing on thermocouple calibration. 
C. High temperature calibration of thermocouples. 

In addition, supplemental testing was performed to provide additional insight into 

thermocouple characteristics. Some examples are: 
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1. LCSR testing for transient temperature measurement Inside nozzle materials 
used in solid fuel rocket engines. 

2. LCSR testing for thermocouples installed in supersonic wind tunnels. 

3. LCSR testing for thermocouples installed in subsonic wind tunnels. 

4. Determination of inhomogensities in typical thermocouples. 

5. Application of noise analysis techniques for response time testing of 
thermocouples. 

6. Determination of temperature Increases In thermocouple extension wire 
during LCSR testing. 

7. Repeatability of LCSR results. 

8. Dynamic heat transfer modeling of thermocouplas. 

The majority of research reported herein was conducted on typical type "E', "J", "K", and 

'T' thermocouples of various sizes. These thermocouples were specified by the Air Force as 

the types that are of interest to Amold Engineering Development Center (AEDC). The type 

"J" and type "K" thermocouples were specified as those of primary interest, and type "E" and 

type 'T' were specified as thermocouplas of secondary interest. A full listing of the 

thermocouples used in the project is provided in Appendix A. Appendix B provides the 

source code for a thermocouple modeling program developed during this project which is 

described in detail in Section 11. Appendix C is a copy of a report which was generated to 

verify that a need for thermocouple LCSR exists for aerospace applications. 

It should be pointed out that the terms flow rate, flow, fluid flow, fluid flow rate, and flow 

velocity are used in this report interchangeably to refer to the velocity of liquids and gases 

that were involved in the experlments that we conducted dudng the project. Furthermore, the 

words time constant, response tlme, and tlme response are used in this report 

interchangeably. The use of the word time constant in expressing the speed of response of 

a thermocouple is not intended to imply that the thermocouple is necessarily a flrat order 

system. 
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2 .  B A S E U N E  T E S T S  

The thermocouples selected for the project were first teated using the conventional plunge 

test technique to Identify their time constants in water and air at reference fiow rates. A listing 

of the thermocouples tested is given in Table 2.1. The time constent results for reference 

conditions in water and air are given in Tables 2.2 and 2.3. These results were used for 

validation of the LCSR technique as discussed later in this report. Basically, the validation 

involved comparing the plunge test results with the LCSR results to determine the validity and 

accuracy of the LCSR method for providing the time constants of thermocouplos. 

Typical plunge test transients obtelned from actual laboratory tests are provided for each 

of the following cases: 

. 

. 

. 

An ideal plunge test transient (Figure 2.1). This data represents a step trigger 
signal and the corresponding thermocouple output transient. The plunge test 
was performed by heaUng the thermocouple in air using a warm air blower and 
plunging it into the test environment (room temperature water). The trigger 
signal, in this case channel one of the recording, Identifies the beginning of 
the test. The plunge test setup, shown in Figure 2.2, consisted of the test 
media (water bath or air loop), amplifier, multimeter, reference block, and strip 
chart recorder. 

Typical plunge test transients for a thermocouple in water and in air 
(Figures 2.3 and 2.4). These figures are intended to illustrate that the 
response is strongly dependant on the condition which the thermocouple is 
operated. Figures 2.3 and 2.4 are for a type "E" thermocouple. Similar date 
are shown in Figures 2.5 through 2.10 for type "J", "lC, and "T" thermocouples. 
Note that the changes in transient slope (present on some of the recordings) 
is due to slowing of strip chart recorder speed, and not Indicative of changes 
in thermocouple response. 

Typical plunge test transients for thermocouples exposed to high subsonic air 
flow rates. (Figures 2.11 and 2.12). 
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TABLE 2.1 

Thermocouple Plunge Test Listing 

Item # Taa# "rvae 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

O,D° 

AF#O3 K 6 
AF#04 K 6 
AF#07 K 5 
AF#09 K 3 
AF# 13 K 2 
AF#14 K 6 
AF#15 K 6 
AF#16 K 6 
AF#18 K wlre 
AF#20 K wlre 
AF#22 K wire 
AF#23 K wire 
AF#49 K 2 
AF#50 K 2 
AF#27 E 5 
AF#29 E 3 
AF#43 E 2 
AF#44 E 6 
AF#45 E 2 
AF#51 E 2 
AF#36 J 5 
AF#38 J 3 
AF#40 J 2 
AF#46 J 6 
AF#47 J 2 
AF#48 J 2 
AF#52 J 2 
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TABLE 2.2 

Time Constants in Vadous Water Flow Rates 
(all times are in seconds) 

TaQ# 
Flow Rate 

Diem/l"vpe 0.2 m/s 0.3 m/sec 0.6 m/s 1 m/sec 

AF# 03 6mm K 1.66 1.39 1.27 1.15 
AF# 04 6mm K 3.40 3.12 3.06 2.74 
AF# 07 5mm K 3.33 2.88 2.72 2.69 
AF# 09 3mm K 0.91 0.80 0.76 0.74 
AF# 13 2mm K 0.37 0.29 0.27 0.26 
AF# 27 5mm E 2.75 2.10 2,00 1.91 
AF# 29 3mm E 1.76 1.51 1.40 1.38 
AF# 38 5ram J 2,04 1,72 1,43 1.38 
AF# 38 3ram J 2.20 2.00 1,90 1.76 
AF# 40 2mm J 0.51 0,42 0.43 0,42 
AF# 43 2ram E 0.47 0,38 0.37 0,34 
AF# 44 6ram E 3.02 2.21 2.10 1,87 
AF# 45 2mm E 0.35 0.24 0.24 0,21 
AF# 45 6mm J 3.07 2.22 1.98 1.84 
AF# 47 2mm J 0.44 0.35 0.33 0.32 
AF# 45 2mm J 0.29 0.20 0.19 0.18 
AF# 49 2mm K 0.29 0.21 0.19 0.17 
AF# 50 2ram K 0,39 0.30 0.29 0.27 
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TABLE 2.3 

Thermocouple Plunge Rseults In Air 
(all tlmse ere In seconds) 

Flow Rate 
TC Tag # O.D./TvDe 4.5 mls 9m/s 14m/s 18m/s 
AF# 4 6ram K 53.50 35.70 25.15 23.40 
AF# 44 6mm E 45.25 53.00 23.90 22.00 
AF# 45 6mm J 51.65 33.90 24.85 22.70 

AF# 7 5ram K 35.00 23.95 17.13 15.95 
AF# 27 5mm E 34.45 24,15 17.10 15.45 
AF# 36 5mm J 34.75 23.00 17,50 15,30 

AF# 9 3mm K 18.43 13.35 10.03 8.59 
AF# 29 3mm E 21.20 14.39 10.55 9.10 
AF# 38 3mm J 19.20 13.14 9.90 9.25 

AF# 13 2mm K 7.15 4.71 3.66 3.37 
AF# 40 2ram J 5.43 4.13 3.20 2.96 
AF# 43 2mm E 8.20 5.26 3.88 3.53 

AF# 51 2mm exp E 3.64 1.94 1.12 0.98 
AF# 52 2ram exp J 4.03 2.03 1.28 1.13 

AF# 18 wire K 1.21 0.36 0.14 0.14 
AF# 20 wire K 0.46 0.24 0.16 0.15 
AF# 22 wire K 1.67 0.71 0.49 0.43 
AF# 23 wire K 1.18 0.71 0.50 0.44 

AF# 14 
AF# 15 
AF# 16 

6mm 
6ram 
6ram 

flex K 
flex K 
flex K 

2.20 
1.20 
2.70 

1.60 
0.60 
1.90 

Subsenic Wind Tunnel Date 

TC Tea # ~ 27 m/sec 45 m/sec ~ m / s  

AF# 14 
AF# 15 
AF# 16 
AF# 40 
AF# 18 
AF# 22 
AF# 29 

6mm K 1.40 1.20 
6mm K 0.70 0.40 
6mm K 1.70 1.10 
2mm J 2.45 2.22 
wire K 0.08 0.08 
wire K 0.40 0.27 
3mm E 8.00 6.00 
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Figure 2.2. Plunge Test Setup. 
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Figure 2.5. Typical Plunge Response for Type "J" Thermocouple in Water. > 
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Figure 2.6. Typical Plunge Response for Type "J" Thermocouple  in Air. 
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Figure 2.7. Typical Plunge Response for Type "IC Thermocouple in Water. ]> 
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(Subsonic Wind Tunnel) 
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2.1 Response Time Versus Fluid Flow Charactedzations 

All of the thermocouples tested in the project exhibited changing response times as test 

media flow rates and conditions varied. Numerous teats were subsequently performed to 

determine these effects on thermocouple response. One equation which can be used to 

express the time constant for temperature sensors in moderate fluid flow (Reynolds numbers 

ranging from 1000 to 50,000), is as follows: 

f = C, + C= U ~'g (2.1) 

Where C 1 and C= are constants, U is the fluid flow rate and ~. is the time constant. 

To prove this equation satisfactorily describes response characteristics for thermocouples, 

experimental data for various thermocouples in different flow rates were analyzed and the 

constants C, and C= determined. As an example, plunge test data for thermocouple AF#29 

taken in flow rates ranging from 0.2 to 1 m/sec in water are shown in Table 2.4. When the 

corresponding response times are plotted vs. U ~= (Figure 2.1.1), a linear least square fit can 

be applied and the constants C, and C= determined. In the case of AF#29, the equation 

becomes: 

, = 1.15 sec + (0.19 sece/m) (U "=6) 

When response time data for a different thermocouple (AF#09) is obtained, and the same 

technique used to develop the response time equation, the result is as shown in 

Figures 2.1.2 and 2.1.3 for water and air. Once the response time equation is determined for 

a thermocouple or group of thermocouplas, evaluation of the response of the thermocouple 

at any flow rate may be determined if all other conditions are identical. Note that all data 

used for the fitting of equation (2.1) were obtained with the media temperature remaining 

relatively constant. 

Typical examples illustrating how thermocouple characteristics and test conditions may 

or may not affect response times are shown for the following cases: 

1. Differences in test environment or flow rate can cause large changes in 
response times (Figure 2.1.4). This represents time constant data vs. U ~e for 
the same thermocouple in both water and air. As the film heat transfer 
coefficient for a thermocouple is lower in air than in water, subsequent 
response times are correspondingly slower. ALso, as flow rates increase, the 
film heat transfer coefficient improves resulting in faster response times. 
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TABLE 2,4 

Laboratory Plunge Test RNulte 
AF#29 In Water 

Flow Rate 

0.2 m/s 
0.3 m/s 
0.6 m/s 

1 m/s 

Time Constant (sec) 

1.76 
1.51 
1.40 
1.38 
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2,5 

Time Constant vs. Flow Rate ^ -0.6 
AF #29 in Water 

~)WM015A-01A 

2- 

1.5, 

0 
o 
E 
I= 

I- 

0.5 
0 0'.5 i 1'.5 ~ £5 ~ 3'.5 

Flow Rate ^-O.6(m/s) 
J, 4.5 

Figure 2.1.1. Time Constant Versus (Flow Rate) ~e 
for AF#29 in Water. 
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1.3- 

Time Constant vs. Flow Rate ^-0.6 
AF #09 in Water 

DWM015A-03A 

1.2" 
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Figure 2.1.2. Time Constant Versus (Flow Rate) ~'6 
for AF#09 in Water. 
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24 

Time Constant vs. Flow Rate ^ -0.6 
AF #09 in Air 
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Figure 2.1.3. Time Constant Versus (Flow Rate) ~'e 
for AF#09 in Air. 
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Time Constant vs. Flow Rate ^ -0,6 
AF #29 in Water and Air 
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Figure 2.1.4. Changes in Response Due to Different 
Test Media. 
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. 

. 

The time constant of a thermocouple often depends on its size. Table 2.5 
provides time constants of several thermocouples with varying outside 
diameters placed in a 0.6 m/sec water flow rate. This data is graphically 
shown in Figure 2.1.5, reflecting how thermocouple size can have a bearing 
on response time. This effect is also emphasized by Figures 2.1.6 and 2.1.7. 
These figures represent data for each size thermocouple (for water and air) 
when they are averaged and plotted versus fow rate. These figures also 
illustrate the effects of test environment flow rate on thermocouple response. 

The particular type of thermocouple chosen (E,J,K) will not necessarily have 
a significant affect on the response time. This is shown in Figure 2.1.8, which 
shows the averaged response time of each particular type of thermocouple 
that was tested, 
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TABLE 2.5 

Time Constants as a Function 
of Thermocouple O.D. 

0.6 m/s Water 

O.D. 
Time Constant (sec) 

3.06 
2.72 
1.40 
0.24 
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3.5 
Thermocouple Response ~me vs. O.D. DWM023A-01A 

2.5 

i 2- 
1.5- 

J 

0.5. 

6 5 3 Outside Diameter (mm) 

Figure 2.1.5. Time Constant Versus Thermocouple O.D. 
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Time Constant vs. Flow Rate in Water 
Various Size Thermocouples 
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Figure 2.1.6. Time Constant Versus Flow Rate for 
Vadous Size Thermocouples in Water. 
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Time Constant vs. Flow Rata in Air 
Various Size Thermocouples 
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Figure 2.1.7. Time Constant Versus Flow Rate for 
Various Size Thermocouples in Air. 
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1.8 

Average Thermocopuple Response Times 
Types E,J,K:6mm,Smm,3mm,2mm Dia. 
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Figure 2.1.8. Averaged Thermocouple Response Times. 
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3.  L C S R  V A U D A T I O N  R E S U L T S  

To verify the validity of the LCSR method for thermocouples, laboratory tests were performed 

in both water and air environments and the results compared to baseline plunge test results. The 

equipment used for the majority of the research is listed in Table 3.1 and shown in Figure 3.1. 

LCSR validation testing was also performed with the thermocouple LCSR test system 

manufactured for this project as described in Volume 3; the results of this testing are presented 

in Section 3.5 of this volume. 

The simplified teat procedure used to generate LCSR transients for the research project was 

as follows: 

. 

. 

. 

Insert the thermocouple to be tested into the test environment and allow the 
thermocouple EMF output to reach steady-stete conditions. 

Apply the electrical current to heat the thermocouple. Note thatthe magnitude 
of current and heating time duration were vaded during the project. 

Terminate the heating current while recording the thermocouple EMF output 
with the digital data acquisition system and strip chart recorder. The switching 
from alectdc current application to recording of thermocouple output is 
essentially instantaneous. 

4. Sample data until steady state conditions are achieved. 

Data acquisition parameters (sampling rate, number of points sampled, heating current and 

heating time) were vaded during the research depending on the response of the particular 

thermocouple under test. Basically, the sampling rate is the time interval per data sample, the 

heating current is the amount of current applied, the heating time is the duration of the applied 

current and the number of points sampled determines how many data points are recorded. 

Sampling rates ranged from about 2 to 50 milliseconds, the number of points sampled ranged 

from about 1500 to 3000 points, heating currents ranged from 0.25 to 1.5 amperes, and the 

heating times varied from 5 to 15 seconds. 
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TABLE 3.1 

LCSR Test Equipment 

item 

, 

2. 
3. 
4. 
5. 
6. 
7. 

Descriotion 

LCSR Test Instrument (AMS ETC-1) 
Strip Chart Recorder 
Ampli~er/Filter 
Digital MulUmeter 
Computer 
A/D Converter 
Test Media (Rotating Water Bath or Wind Tunnel) 
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Figure 3.1. LCSR Test Setup. 
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3.1 LCSR Data Avemaino 

Due to the thermocouple's inherent nature, LCSR transients often contain irregularities 

caused by electrical interference, vibration, environmental temperature changes or other hindering 

effects. An example of a typical thermocouple LCSR transient is shown In Figure 3.1.1, reflecting 

slight irregularity. To compensate for these effects, an LCSR data averaging routine was used 

during the research. In essence, the data for ten separate LCSR transients for the same 

thermocouple were averaged, and the averaged data set analyzed. An example of an averaged 

data set Is shown in Figure 3.1.2, indicating how ten separate date sets (similar to Figure 3.1.1) 

can be averaged to obtain an acceptable transient for computation of the time constant. Note 

that all of the LCSR transients presented in this volume (unless otherwise noted) are the average 

of ten separate sets for a particular thermocouple. The transients have also been inverted for 

ease of viewing and presentation. 

3.2 Analysis Technioues 

Once the LCSR data were acquired, several independent analysis methods were examined 

(some of which were available from developments on RTDs) to evaluate the time constants of 

the thermocouples. Table 3.2 is a summary of 35 individual LCSR tests performed in both water 

and air with the calculated results from three separate analysis programs ('rSFIT, LST-SQR and 

XTCA9). This data is graphically represented for two flow conditions (0.6 m/s and 1 m/s) in 

Figures 3.2.1 and 3.2.2. The first method ('I'SFIT) was selected (based on these results) as the 

best analysis technique and used extensively during the research portion of the project and in 

the microprocessor LCSR analyzer (ESA-1). 

In addition to the numerical analysis techniques, all of the LCSR transient data were plotted 

in semi-logarithmic form. Since the LCSR transient is essentially logarithmic in nature, this 

assisted in the calculation of time constants. An example of a semi-logarithmic plot of LCSR data 

is shown in Figure 3.2.3. 
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Table 3.2 

Analyals Summary of Selected Thormocouples 

Flow Plunge 
File Name ~ ~m/s) s . ~  

Response ~me (sec) 
Analysis Method 

TSFIT LST-SQ XTCA9 

AFP2072 4 0.6 3.1 2.4 2.5 2.5 
VER2004 4 1.0 2.7 2.6 2.4 2.1 
AFP2066 7 0.6 2,7 2.2 2.9 2.1 
VER1006 7 1.0 2.7 2.4 2.2 3.2 
VLD1020 7 1.0 2.7 2.2 2,2 2.9 
AXT2003 7 14 17.1 27.0 26.0 26.1 
AXT1008 7 14 17.1 19,7 17.2 26.6 
AFP2060 9 0,6 0.8 0.6 0.6 0,3 
VER1008 9 1.0 0,7 0.6 0.5 0,5 
VLD2001 9 1,0 0.7 0.9 0.7 1.7 
AFP2054 13 0.6 0.3 0.6 0.6 0.8 
VER2012 13 1.0 0.3 0.2 0.2 0.2 
VLD2021 13 14 0.3 0.3 0.3 0.2 
AFP2042 27 0.6 2.0 2.4 2.3 1.9 
VER2014 27 1.0 1.9 2.0 1.7 1.6 
AXT2010 27 14 17.1 18.4 16.5 34.2* 
AFP2036 29 0.6 1.4 1,5 1.5 1.4 
VER2016 29 1,0 1,4 1,2 1.2 1.8 
VLD2017 29 1.0 1,4 1.2 1.3 ,9 
AFP2008 36 0.6 1.4 1.0 1.2 0,6 
VER2020 36 1.0 1.4 1.2 1,0 0,7 
AXT1015 36 14 17.5 22.6 20.2 62,7* 
AXT1016 36 14 17.5 22.8 20.5 39.4* 
AXT1017 36 14 17,5 18,2 30.0 20.8 
VLD2012 36 1.0 1.4 1.5 1.5 1.4 
AFP1012 38 0.6 1.9 1.7 2.1 2.3 
VER1021 38 1.0 1,8 1.4 1.8 1.6 
AFP2024 40 0.6 0,4 0.5 0.5 0.6 
VER1022 40 1.0 0.4 0.5 0.3 0,3 
AFP2030 43 0.6 0.4 0.5 0.5 0.3 
VER1029 43 1,0 0.3 0.4 0.3 0.3 
AFP2048 44 0,6 2.1 2.7 2.8 5.1 
VER1030 44 1,0 1.9 1,7 2,1 0.16* 
AFP2018 ' 46 0.6 2,0 2.3 0,9 0.5 
VER1031 46 1.0 1.8 1.5 1,5 1,2 

* Major disagreement with the Plunge Test results 
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Analysis Techniques Summary 
0.6 m/s Water 
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Figure 3.2.1. Computer Program Analysis (0.6 m/s water). 
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~11 Plunge ~ TSFIT [~1  LST-SQR ~ XTCA9 
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Figure 3.2,2, Computer Program Analysis (1 m/s water). 
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Figure 3.2.3, Typical Semi-Logarithmic Plot of LCSR Data. 
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3.3 Laboratory Validation of LCSR in Water 

For the validation study in water, 12 thermocouples were selected and 1 m/sac flow used. 

The thermocouples where chosen based upon previous stable performance and represented a 

broad variety of sizes and types. The results of these tests are given in Table 3.3, and 

graphically presented in Figure 3.3.1. 

Typical averaged thermocouple LCSR transients for water and their corresponding 

semi-logarithmic plots are shown in Figures 3.3.2 through 3.3.7 for type E, J, and K 

thermocouplas. 

3.4 Laboratory Validation of LCSR in Air 

For the validation of thermocouple LCSR in air, 15 thermocouples were selected. In this 

case, many of the same thermocouples used for the validation study In water were again used. 

Each of the thermocouples was subjected to 14 m/sec air flow in the AMS air loop. The results 

of these tests are shown in Table 3.4 with a graphical representation shown in Figure 3.4.1. 

Examples of LCSR test data in air and associated semi-logarithmic plots are given in Figures 

3.4.2 through 3.4.7 for type E, J, and K thermocouples. 

3.5 Laboratory Validation of Manufactured Equipment 

The thermocouple LCSR test system developed for this project (explained in detail In 

Volume 3) was successfully tested to verify the results it produced were accurate. Validation 

testing of the equipment was performed in both water and air using several relatively stable 

thermocouples. Test parameters (heating current, heating time, number of points sampled, and 

sampling rate) were optimized using developed procedures to obtain the most consistent results. 

The results of the testing in water are shown in Table 3.5 and graphed in Figure 3.5.1. The air 

results are shown in Table 3.6 and Figure 3.5.2. 
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TABLE 3.3 

Thermocouple LCSR Test Results 
Initial Validation 1 m/s Water 

Tag#/Size 

TYPE E 

Plunge LCSR 
(sec) (sec) 

I Difference I 
(sec) 

AF #44/6mm 1.67 1.60 0.27 
AF #27/5mm 1.91 1.82 0.09 
AF #29/3mm 1.35 1.31 0.07 
AF #48/2mm 0.34 0.36 0.02 

TYPE J 

AF #46/6mm 1.84 1.48 0.36 
AF #36/5mm 1.36 1.09 0.27 
AF #38/3mm 1.76 1.35 0.41 
AF #40/2mm 0.42 0.42 0.00 

Type K 

AF # 4/6mm 2.74 2.72 0.02 
AF # 7/5mm 2.69 2.38 0.31 
AF # 9/3ram 0.74 0.58 0.16 
AF #13/2nnm 0.26 0.16 0.10 

55 



AEDC-TR-91-26 

Initial Validation 
Plunge vs. LCSR 

DWMOI2A-OIA 

|Lm 

' i 
i ' ' 
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Tag Number 

imm Plunge Result ~ LCSR Result 

Figure 3.3.1. Results of Initial Validation in Water (1 m/s). 
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TABLE 3.4 

Thermocouple LCSR Test Results 
Air Loop Valldstlon 14 m/aec Air 

Tag # 

TypeE 

Plunge LCSR 
(sac) (sac) 

l Dlfference l 
(sec) 

51 1.1 2 0.82 0.3O 
43 3.88 4.50 0.52 
29 10.55 12.10 1.55 
27 17.10 22.33 5.23 
44 23.~) 32.60 8.70 

TYPE K 

52 1.28 1.20 0.80 
40 3.20 3.80 0.60 
38 9.90 12.09 2.19 
36 17.50 21.28 3.78 
46 24.85 55.90 11.05 

TYPE J 

22 0.49 0.30 0.19 
13 3.66 3.88 0.19 
9 10.03 11.30 1.27 
7 17.13 23.00 5.87 
4 25.15 29.70 4.55 

63 



AEDC-TR-91-26 

35 

lO 

6 

DVS001A-01A 

Tag Number 

i Plunge Result ~ LCSR Result 

Figure 3.4.1. Results of Initial Validation in Air. 
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TABLE 3.6 

Manufactured Equipment Valldction Results 
(0.6 m/sec water) 

TC Tag # 
Plunge Result LCSR Resu~ i D rencel 

(sec] (sec; Isec) 

29 1,40 I .I0 0.30 
27 2.00 1.99 0.01 
43 0.37 0.37 0.00 
44 2.10 2,19 0.09 
46 1.98 2.39 0.41 
36 1.43 1.33 0.10 
38 1.90 1.98 0.06 
40 0.43 0.43 0.00 
04 3.06 2.83 0.23 
07 2.72 2.96 0.24 
09 0.76 0.49 0.27 
13 0.27 0.29 0.02 
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3.5, 

New Equipment Validation 
Rowing Water at 0.6 m/s 

DVS(X)2A-O2A 

TypeE TypeJ "type K 

#29 #27 #43 #44 #46 ~ #40 #4 #7 -  #9 #13 
Tag Number 

Plunge ~ LCSR 

Figure 3.5.1. New Equipment Validation (0.6 m/s Water). 
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Table 3.6 

Manufactured Equipment Validation Results 
(14 m/sec air) 

TC Tea # 
Plunge Result LCSR Result I Difference I 

(eec  (sec) (eec) 

40 3.20 3.63 0.43 
36 9.90 9.48 0.42 
52 1,28 1.54 0,26 
13 3.66 7.03 3.37 
09 10.03 14.68 4.65 
07 17.13 18.27 1.14 
61 1.12 1.10 0.02 
43 3.86 3.90 0.02 
29 10.55 8,61 1.94 
27 17.10 19.45 2.35 
20 0.16 0.10 0.06 
18 0.14 0.12 0.02 
23 0.50 0.56 0.06 
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20 

Manufactured Equipment Test Results 
AMS Air Loop (14 m/s) 
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Figure 3.5.2. New Equipment Validation (14 m/s Air). 
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3.6 Problems Encountered Dudna LCSR Testina 

During the LCSR testing of thermocouplas, various phenomena occurred which made data 

acquisition (and subsequent analysis) difficult. The LCSR data obtained for these cases were 

such that the averaging program could not adequately compensate for the problems. Examples 

of these are as follows: 

1. Downward temperature drift (Figure 3.6.1). The transient displays a slow 
downward slope after having reached an inifial plateau. 

2. Upward tamparatum drift (Figure 3.6.2). The transient does not appear to 
reach a final value. 

3. Spikes present during the initial portion of transient (Figure 3.6.3). 

4. Electrical noise present in the thermocouple output (Figures 3.6.4 and 3.6.5). 

5. Prompt jump in the Initial portion of the transient (Figure 3.6.6). 
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4. EFFECTS OF APPUED CURRENT AND HEATING TIME ON LCSR 

The identification of baseline values to use for the various LCSR test parameters is 

required to obtain accurate response time results. The amount of electrical current used to 

heat a thermocouple and heating time duration are two parameters which can be varied 

during LCSR testing to accomplish this. 

To quantify how these two parameters affect LCSR testing of thermocouples, a series of 

tests was performed on 11 thermocouples of different sizes and types. The tests were 

performed by systematically changing both parameters such that the effects of each on LCSR 

results could be evaluated. The heating times used dudng these tests were 5 and 15 

seconds. The currents used were 0.25, 0.5 and 1.0 amperes for thermocouples with 23, 24, 

and 30 gage wires; 0.75, 1.0 and 1.5 amperes for thermocouples with 18 and 20 gage wire. 

Other parameters (number of points sampled and sampling rate) were vaded according to 

each thermocouple's response to the test conditions. LCSR results were compared to 

besetine plunge test results to evaluate the effect of the test. 

The results of this work are shown in Table 4.1. Composite graphs describing this data 

are shown for the following cases in terms of differences between the plunge and LCSR 

results. (These differences can be converted to percent differences using the nominal 

response times of the thermocouple from plunge test results shown earlier): 

1. Differences in response time versus heating current for thermocouples tested 
with a 5 second heating time (Figure 4.1). 

. Individual thermocouple response time differences for 5 second heating times 
(Figures 4.2 through 4.4). These graphs are intended to indicate that the 
response time differences may increase, decrease or remain relatively stable 
as current is varied. 

3. Differences in response times versus heating currents for thermocouples 
tested with a 15 second heating time (Figure 4.5). 
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0.45 

Response Time Dif. vs. Heating Current 
Tag #36, Type J, Heat 05 sec, Gage 20 
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Figure 4.2. Example of Thermocouple with Increasing Errors as Current 
was Incfeesed. (AF#36, 5 Second Heating Time.) 
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Response Time Dif. vs. Heating Current 
Tag #40, Type J, Heat 05 sec, Gage 30 
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Figure 4.3. Example of Thermocouple with Decreasing Errors 
as Current was Increased. (AF#40, 5 Second Heating Time.) 
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Response Time Dif. vs. Heating Current 
Tag #04, Type K, Heat 05 sec, Gage 18 
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as Current was Increased. (AF#04, 5 Second Heating Time.) 
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Figure 4.5. Composite Graph of Thermocouples Tested with 
15 Second Heating Times. 
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Individual thermocouple response time differences for 15 second heating times 
(Figures 4.6 through 4.8). These graphs again illustrate that the response time 
differences may vary or remain stable as current is changed. 

Differences in response times for various thermocouples tested with 5 and 15 
second heating times (Figures 4.9 through 4.13). These figures are shown to 
illustrate the effects of different heating times on the response of the 
thermocouple. 

Example LCSR transients of a specific thermocouple using low, medium, and 
high currents (Figures 4.14 through 4.16). The currents used were 0.25, 0.50, 
and 1.0 ampere respectively. 

Example LCSR transients for a thermocouple using high current and varied 
heating times (Figures 4.17 and 4.18). The current used was 1.0 ampere. 
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Figure 4.8. Example of Thermocouple with Relatively Constant Errors as Current 
was Increased. (AF#36, 15 Second Heating Time.) 
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Figure 4.9. Response 13me Differences Using 0.25A 
(5115 Second Heating Times). 
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Figure 4.10. Response Time Differences Using 0.5A 
(5/15 Second Heating Times). 
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Figure 4.11. Response Time Differences Using 0.75A 
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Figure 4.12. Response Time Differences Using 1.0A 
(5/15 Second Heating Times). 
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Figure 4.13. Response Time Differences Using 1.5A 
(5/15 Second Heating Times). 
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S. EFFECTS OF EXTENSION WIRE LENGTH ON LCSR FOR THERMOCOUPLES 

Many of the research and industry applications in which thermocouplas are used require 

long extension wires from the thermocouple to the monitoring/measuring equipment. To verify 

that the LCSR method could be used for response time testing of thermocouples with long 

extension wires, a series of systematic tests were performed. 

The tests involved the selection of several thermocouplas of varied size and type and the 

use of three different extension wire lengths (6 m (,,20'), 9 m (,,30') and 15 m (,,50')). All of the 

extension wires were 20 gage solid wires, except in the case of one 6 m length (type "K") 

stranded wire which was also used to study the effects of wire type on LCSR test results. All of 

the tests were performed in both water and air using 1.5 amperes of current applied for 15 

seconds. The subsequent LCSR results were compared to baseline plunge test results. 

5.1 Effects in Water 

For the tests performed in water, 6 thermocouplas and 0.6 m/sec fiow were used. Table 5.1 

shows the results of this testing. Graphs and plots further describing this data are shown for the 

following cases: 

. Composite graph of all the thermocouples tested showing differences between 
plunge and LCSR results as the extension wire lengths were changed 
(Figure 5.1.1). 

2. Differences between plunge and LCSR test results for each thermocouple and 
wire length (Figure 5.1.2). 

. Individual thermocouple response time differences as wire lengths were 
changed (Figures 5.1.3 through 5.1.8). These plots reflect how each specific 
thermocouple responded to different extension wire lengths. 

4. Sample LCSR transients for a typical thermocouple as extension wire lengths 
were changed (Figures 5.1.9 through 5.1.11). 
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TABLE 5.1 

Extension Wire  Tests in W a t e r  

DWMO14A.WQI Extension Wire Tests In Wster @ 0.5 m/s (2fl :) 

Filename Tag No. Type Current 

EXT1O01 O7 K 1,5 
EXTIO02 07 K 1.5 
EXTIO06 07 K 1.5 
EXTIO03 04 K 1.5 
EXTIO04 04 K 1.5 
EXTIO05 04 K 1.5 
EXTIO07 27 E 1.5 
EXTIO08 27 E 1.5 
EXTIOO0 27 E 1.5 
EXT3010 44 E 1.5 
EXT3011 44 E 1.5 
EXT3812 44 E 1.5 
EXT2013 36 J 1.5 
EXT2014 36 J 1.5 
EXT2015 36 J 1.5 
EXT2016 38 J 1.5 
EXT2017 38 d 1.5 
EXT2018 38 J 1.5 

Heat Time 

15 
15 
151 
15 
15 
15 

Wire Length 
(M~tm) 

6m (20.) 
9m Cao.) 

1sin ~o') 
sm (2o.) 
9m (3o') 

lsm (so') 
15 6m (20') 
15 9m ('30') 
15 15m (50') 
15 6m (gO.) 
15 9m (301 
15 15m ~0'~ 
15 6m (20.) 
is sm (3o.) 
15 15m (50') 
15 6m (201 
15 9m (301 
15 15m (50") 

Plunge Tc Diff. O.D. Loop FI~. 
(See.) (Sec.) (See,) (mm) (Ohms) 

2.72 2.2 0.5 5 13.00 
2.72 2.7 0.0 8 19.40 
2.72 2.0 0.7 5 24.70 
3.08 2.6 0.5 6 14.10 
3.06 1.8 1.5 6 19.50 
3.06 1.7 1.4 6 25.20 
2.O0 2.0 0.0 5 15.80 
200 2.2 -0.2 5 25.,30 
2.00 2.?. -0.2 5 37.30 
2.10 2.6 I -0.5 6 15.40 
2.10 2.5 ! .0.4 6 23.30 
2.10 2.4 .0.3 6 36.90 
1.43 0.7 0.7 5 9.90 
1.43 0.7 0,7 5 13.50 
1.43 0.9 0.5 5 20.70 
1.90 1.3 0.6 3 9.30 
1.90 1.3 0.6 3 1320 
1.90 1,4 0.5 3 20.10 

I l i  

.-4 

(D 
..b 

O) 
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Response Time Dif. vs. Wire Length 
in 0.6 m/s (2fps) H20 

DWM014A-01C 

1.2" 

1.o. 

~- 0.8. 
8 
~ 0.6. 

c 0.4. 
O. 

• ~ 0 . 2 -  a 
0 

._E o.o I-- 
d .  

8 -0.2 

-0.4 

-0.6 

m | 
! ! 

6m 9m 15m 
Wire Length (meters) 

m AF#07 ~ AF#04 ~ AF#27 
AF#44 ~ AF#36 ~ AF#38 

Figure 5.1.1. Response Time Difference Versus Extension Wire 
Length for Water. 

105 



AEDC-TR-91-26 

1.4- 

Response ~me De for each Tag Number 
in 0.6 m/s (2fps) H20 

DWM014A.01E 

1.2- 

1.0" 

• 0.8" 

0.6' 

0.4. 

0.2' 

0.0 
d. 
| 
,," -0.2 

-0.4 

-O.6 

,7 

7 7 7 

i 
BI 

I I I I I 

07 04 27 44 36 38 
Tag Number 

l i r a  6m (20') ~ 9m (30') [ ~  15m (50') 

Figure 5.1.2. Response Time Difference Versus Thermocouple 
Tag Number for Water. 
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Response Time Dif. vs. Wire Length 
AF#07, Type K In 0.6 m/s (2fps) H20 
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Figure 5.1.3. Response Time Difference Versus Wire Length 
(AF#07 in Water). 
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Response Time Dif. vs. Wire Length 
AF#27, Type E in 0.6 m/s (2fps) H20 

DWM014A-03A 

| 
8 

(:D 
i -  

O .  

0 
Q 

-0.05- 

-0.10" 

-0,15- 

-0,20- 

-0.25 i i 
6m 9m 15m 

Wire length (meters) 

Figure 5.1.5. Response Time Difference Versus Wire Length 
(AF#27 in Water). 
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0.8 

Response Time Dif. vs. Wire Length 
AF#36, Type J in 0.6 rn/s (2fps) H20 
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Figure 5.1.7. Response Time Difference Versus Wire Length 
(AF#36 In Water). 
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5.2 Effects in Air 

The same sedes of extension wire tests performed in water (Section 5.1) were repeated in 

air. For the air tests, 14 m/sec flow was used. Table 5.2 provides the results of this testing. 

Graphs and plots further describing this data are shown for the following cases: 

1. Composite graph of all the thermocouples tested showing response time 
differences versus extension wire length (Figure 5.2.1). 

2. Response time differences for each thermocouple and wire length 
(Figure 5.2.2). 

. Response time differences for each specific thermocouple tested as wire 
lengths were changed (Figures 5.2.3 through 5.2.8). Note that Figures 5.2.3 
and 5.2.4 also show stranded wire to assist in evaluating if extension wire type 
could impact LCSR results. 

4. Sample LCSR traces for a typical thermocouple in air as extension wire lengths 
were changed (Figures 5.2.9 through 5.2.11). 

Note that all of the LCSR extension wire tests performed in air provided essentially conservative 
results. 
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TABLE 5.2  

Extension Wire  Tests  in Air 

= 

DWM014A.WQI Extenslon Wire Tests In Nr @ 14 nVe 

Filename Tag No. Type Cunent 
AF# (Ampe) 

AXT1O08 O7 K 1.5 
AXT2001 07 K 1.5 
AXT2032 07 K 1.5 
AXT2003 07 K 1.5 
AXT2007 13 K 1.5 
AXT2O04 13 K 1.5 
AXT2005 13 K 1.5 
Ax'r2Qo6 13 K 1.5 
AXT2000 27 E 1.5 
AXT2010 27 E 1.5 
AXT2011 27 E 1.5 
Ax'r2012 43 E 1.5 
AX1"2013 43 E 1.5 
AXT2014 43 E 1.5 
'AXT1015 35 J 1,5 
AXT1016 36 J 1.5 
AXT1017 35 J 1.5 
AXT2016 4O J ~.5 
AXT2019 4O J 1.5 
AXT2020 40 J 1.5 

Heat Time 
(S+c.) 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 6m (20') 
15 6m (35) 
15 15m (so') 
15 
15 
15 

Wire Length 
(Uatem) 

6m t20') 
5m (20') 
6m (30') 
15m (sop 
6m (20') 
6m (201 
9m (30') 

15m (50') 
em (28') 
em (301 

6m (201 
em (SO') 

15m (50') 

6m (281 
6m (301 

15m (5o') 

Voltage 

13.8 
21.5 
28.9 
45.4 
21.0 
26.1 
35.1 
52.1 
24.3 
34.1 
55.4 
32.3 
43.2 
84.5 
15.0 
20.0 
30.8 
16.7 
22.3 
83.6 

Plunge 
(see.) 

17.1 
17.1 
17.1 
17.1 
3.7 
3.7 
3.7 
3.7 

17.1 
17.1 
17.1 
3.9 
3.9 
3.9 

17.5 
17.5 
17.5 
3.2 
3.2 
3.2 

Tc 
(sec.) 

21.5 
24.5 
28.1 
26.4 

4.0 
4.1 
4.1 
3.9 

22.6 
21.8 
24.3 

4.2 
3.9 
3.9 

20.2 
22.9 
21.3 

4.0 
4.0 
4.O 

Diff. 
(see.) 

-4.4 
-7,4 
"9,0 
-9.3 
-0,3 
-0,4 
-0,4 
.0.2 
-5.5 
-4.7 
-7.2 
-0.3 
0.0 
0.0 

.... -8.7 
-5.4 
-3.8 

' '-0.8 
-0.8 
-0.8 

O.D.  

(mm) 
5 
5 
5 
5 
2 
2 
2 
2 
5 
5 
5 
2 
2 
2 
5 
5 
5 
2 
2 
2 

Loop lies. 
(Ohm-.) 

9.2 
14.3 
19.3 
30.3 

14 
17.4 
20.4 
34.7 
16.2 
22.7 
36.9 
21.5 
28.8 

43 
10 

13.3 
20.5 
11.1 
14.9 
22.4 

> 
m 
c; 
,r) 
--I ~o 
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Figure 5.2.1. Response Time Difference Versus Wire Length for Air. 
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Response ~me Dif. for each Tag Number 
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Figure 5.2.2. Response Time Difference Versus Tag Number for Air. 
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6. T H E R M O C O U P L E  LCSR IN H IGH A IR  F L O W  RATES 

Many applications require the use of thermocouples in high subsonic or supersonic air flows. 

A serias of tests were performed to prove the viability of the LCSR technique for response time 

testing of thermocouplas in these environments. 

6.1 Supersonic Air Flow 

For the supersonic tests, a total of six thermocouplas were selected. Testing was performed 

using AMS and University of Tennessee Mechanical and Aerospace Engineering Department 

facilities. The sequence of events for these tests was as follows: 

. 

. 

. 

Subsonic testing of the selected thermocouplas using 18 m/sec flow in the 
AMS wind tunnel was performed. Both plunge test and LCSR data were 
acquired (Table 6.1). 

Response time testing of the thermocouplas (using the LCSR method) was 
performed in the supersonic wind tunnel at the University of Tennessee using 
Mach 2 air flow. This wind tunnel could not be used to perform plunge tests, 
therefore the LCSR method is the only method which could be used to provide 
an indication of the response time of the thermocouplas in these conditions. 
Typical (non-averaged) LCSR transients are shown in Figures 6.1.1 and 6.1.2. 
The results are shown in Table 6.2. 

The plunge test data from step 1 above were fitted to the following equation 
to obtain the constants C, and C~ for each thermocouple: 

, = C, + C~/h 

Where h represents the film heat transfer coefficient and = is the 
time constant. 

The procedure used to fit the plunge test date to this equation is essentially 
the same as that described in Section 2.1, except the heat transfer coefficient 
is now the independent vadable in lieu of the flow rate. This technique 
provided calculated estimates for the time constant at higher velocities (and 
different heat transfer coefficients). These calculated values were 
subsequently compared to actual LCSR results for four of the thermocouplas 
and are shown in Table 6.3. Note that the calculations for AF #21 were not 
performed. 
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TABLE 6.1 

Type 

AF #18 K 
AF #19 K 
AF #20 K 
AF #21 K 
AF #22 K 
AF #23 K 

AMS Subsonic Tests 
(18 m/s Nr Flow) 

Loop Wire Sheath Plunge 
Resistance O.D, O .D .  Results 

122.0o 0.10mm 0.51ram 0.15 
0.10mm 0.51 mm 

121.0a 0.10mm 0.51mm 0.15 
294.0= 0.10mm 0.51 mm 0.60 
20.4= 0.32mm 1.60mm 0.44 
20.Oa 0.32mm 1.60mm 0.44 

LCSR 
Results 

0.19 

0.12 
0.58 
0.38 
0,41. 

Notes: 1. AF #19 failed open dudng testing. 
2. Plunge and LCSR results are in seconds. 
3. Plunge and LCSR results are for 18 m/sec air flow. 
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TABLE 6.2 

Results from Supersonic Wind Tunnel st Math 2 

LCSR 
Tee# Time Constant (sec) 

AF #16 0.05 
AF #20 0.04 
AF #21 0.07 
AF #22 0.06 
AF #23 0.08 
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TABLE 6.3 

Actual Vemus Calculated Time Constm~ 
(Mech 2) 

Time Constant (sec) 
Tea# L C S R  Calculated 

AF #10 0.05 0.05 
AF #20 0.04 0.05 
AF #22 0.06 0.05 
AF #23 0.08 0.06 
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6.2 Subsonic Air Flow 

in addition to the subsonic air flow testing described in Section 3.4, several additional tests 

were performed to verify the capabilities of the LCSR method in high subsonic air flows. To 

perform this work, a subsonic wind tunnel at the Univemity of Tennessee was utilized. In all, a 

total of 7 thermocouples and 3 different air speeds (27 m/s, 45 m/s and 54 m/s) were used. The 

results are shown in Table 6.4. Graphs showing the comparisons between LCSR and baseline 

plunge results are provided in Figures 6.2.1 and 6.2.2. 

135 



AEDC-TR-91-26 

TABLE 6.4 

Type 

AF #14 K 24 

AF #15 K 30 

AF #16 K 20 

AF #18 K 

AF #22 K 

AF #29 E 23 

AF #40 J 30 

Subsonic Air Flow Test Results 

27m/sec 46m/sec 
Plunae LCSR PlunQe LCSR 

1.40 1.20 1.20 2.00 

0.70 0.80 0.40 0.30 

1.70 1.50 1.10 1.00 

0.08 * 0.08 * 

0.40 0.46 0.27 0.37 

8.00 9.13 

2.45 4.40 2.22 3.08 

54m/sec 
PlunQe LCSR 

6.00 6.30 

Due to the extremely fast time constant at this flow rate, accurate correlatLon of LCSR 
data to plunge test results was not poaslble using existing plunge test equipment. 
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Subsonic Air Flow Tests 
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Figure 6.2.1. Subsonic Air Flow Tests (27 m/s). 
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Subsonic Air Flow Tests 
U.T. Wind Tunnel (45 m/s) 

DWM020A-02A 

! i 

i 
14 15 16 22 40 

Tag Number 

Plunge Test ~ LCSR Test 

Figure 6.2.2. Subsoni.c Air Flow Tests (45 m/s). 
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7. REPEATABILITY OF LCSR MEASUREMENTS FOR THERMOCOUPLES 

The repeatability of a test is determined by the consistency of the results when test 

conditions are held constant; several tests were performed to determine the repeatability of LCSR 

measurements for thermocouples. 

The tests were performed at two different times: initial sequential tests (three LCSR tests 

performed one right alter the other), and after one week. All of the tests were performed using 

the newly developed microprocessor test system since the data acquisition parameters could be 

easily held constant for each test. The parameters were chosen based on a developed 

procedure described in Volume 3. The results are provided as follows: 

. 

. 

Sequential repeatability tests in water and air (Tables 7.1 and 7.2). The LCSR 
tests shown here were performed three times In both water (0.6 m/s) and air 
(14 m/s). These tables are shown in graphical form in Figures 7.1 and 7.2. 
Note that the averages of the three sequential LCSR tests are also shown. 

One week repeatability in water and air (Tables 7.3 and 7.4). This data 
represents the repeat of the LCSR tests one week after the sequential tests. 
These tables are graphically shown in Figures 7.3 and 7.4. 

In addition to the repeatability tests noted above, tests were performed to evaluate the 

man-to-man repeatability of the LCSR test. Personnel other than the primary test engineers 

performed LCSR tests on several thermocouples (in 0.6 m/s water) using the same methods as 

the other repeatability tests. These results are shown in Table 7.5 and Figure 7.5. This data 

represents typlcel differences in results which could be expected by using numerous test 

personnel. 
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TABLE 7.1 

Sequentlal LCSR Repeatablllty 
(o.sm/s water) 

Tea# Plunae (sec~ 
Test # 

Test I (sec) Test 2 (sec) Test 3 {sac) 
LCSR 

Average (sac) 

29 1.40 1.11 1.09 1.09 1.1 0 
27 2.00 1.96 1.99 2.01 1.99 
43 0.37 0.35 0.39 0.36 0.37 
44 2.10 2.07 2.16 2.70 2.19 
46 1.98 2.20 2.78 2.20 2.39 
36 1.43 1.47 1.29 1.23 1.33 
38 1.90 1.97 2.03 1.95 1.98 
40 0.43 0.44 0.44 0.42 0.43 
4 3.06 2.82 2.77 2.91 2.83 
7 2.72 3.03 2.86 2.99 2.96 
9 0.76 0.50 0.49 0.49 0.49 
13 0.27 0.29 0.30 0.27 0.29 
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TABLE 7.2 

Sequential LCSR Repeatability 
(14m/s Air) 

,'Test # 
Taa# Plunae (sec'l One (sec) Two (sec) Three (sec) 

LCSR 
Avemae (sec~ 

40 3.20 3.63 3.54 3.73 3.63 
38 9.90 9.63 9.38 9.44 9.48 
52 1.28 1.82 1.53 1.28 1.54 
13 3.66 4.06 6.82 10.21 7.03 
9 10.03 14.58 14.06 15.39 14.68 
7 17.13 18.75 16.49 19.57 18.27 

51 1.12 1.01 1.07 1.23 1.10 
48 3.88 4.02 3.96 3.72 3.90 
29 10.55 8.48 9.08 8.28 8.61 
27 17.10 18.16 18.12 22.08 19.45 
20 0.16 0.12 " 0.10 0.09 0.10 
18 0.14 0.12 0.12 0.12 0.12 
23 0.50 0.56 0.46 0.47 0.50 
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Sequential Repeatability 
Flowing Water (0.6 m/s) 
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Figure 7.1. Sequential Repeatability (0.6 m/s Water). 
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Figure 7.2. Sequential Repeatability (14 m/s Air). 
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TABLE 7.3 

One Week LCSR Repeatability 
(O.6m/s Water) 

T a . #  
Plunge Sequential One Week 

(eec) (sac) 

29 1.40 I .I0 1.19 
27 2.00 1.99 1.91 
43 0.37 0.37 0.42 
44 2.16 2.19 2.94 
43 1.98 2.39 2.65 
36 1.43 1.33 0.91 
38 1.90 1.98 1.45 
40 0.43 0.43 0.47 
4 3.06 2.83 2.99 
7 2.72 2.96 2.40 
9 0.76 0.49 0.41 

13 0.27 0.29 0.31 
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TABLE 7.4 

One Week LCSR Repeatability 
(14m/s Air) 

Taa#  
Plunge Sequential One Week 

(sec) (secl 

13 3.66 7.03 4.41 
9 10.03 14.88 10.65 
7 17.13 18.27 15.44 

51 1.1 2 1.1 0 1.25 
43 3.88 3.90 4.03 
29 10.55 8.61 8.69 
27 17.10 19.45 18.16 
20 0.16 0.10 0.19 
18 0.14 0.12 0.10 
23 0.50 0.50 0.45 
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Figure 7.3. One Week Repeatability (0.6 m/s Water). 
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Figure 7.4. One Week Repeatability (14 m/s Air). 
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TABLE 7.5 

Man to Man Repeatability 
(0.6 m/s Water) 

Taa#  
Plunge Primary Test Repeated Test 
(sec~ (sec) (sec) 

AF#29 1.40 1.10 1.09 
AF#43 0.37 0.42 0.44 
AF#36 1.90 1.98 1.35 
AF#40 0,43 0.43 0.41 
AF#09 0.76 0.49 0.74 
AF#13 0.27 0.29 0,28 
AF#04 3,06 2.83 2.85 
AF#07 2.72 2,96 2,26 
AF#27 2.00 1.99 2.18 
AF#44 2.10 2,19 2.22 
AF#36 1,43 1,33 1,14 
AF#46 1.98 2.39 1.82 
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Figure 7.5. Man to Man Repeatability. 
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8. EFFECTS OF LCSR TESTING ON THERMOCOUPLE EXTENSION WIRE 

During LCSR testing of thermocouplas, the extension wires are subjected to a measurable 

amount of Joule heating as the current is applied. Tests were performed to quantify how much 

of a temperature rise could be expected during typical LCSR testing. This series of tests would 

also provide limitations of applied current for the LCSR tests. 

The experiments were performed using a type "R' thermocouple (AF #01) and a 2 mater 

length of 20 gage solid extension wire. The tests were divided into two segments. First, the 

thermocouple and extension wire were heated at varied current levels until a steady state 

temperature was reached in the wire. The temperature was measured by sealing another 

thermocouple under the skin of the wire insulation. The results of the tests are shown in 

Table 8.1 and Figure 8.1, with no damage to the extension wire or insulation noted until 

approximately 4.0 amperes was used. 

In the second series of tests, varied currents were applied to the same thermocouple 

(AF#01) for a 20 second duration. The starting temperature, temperature after 20 seconds of 

heating and the maximum temperature reached were measured. The results are shown in 

Table 8.2 and Figure 8.2. Note that no damage to the wire or insulation occurred until 

approximately 9 amperes was used. 
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TABLE 8.1 

Final Steady-State Temperature Rise In Thermocouple Extension Wire 

Current fAraDs) Start Temperature PC) Stop Temperature (°C) Temperature Increase (~C) 

0.5 23.06 23.33 0.27 
1.0 23.06 27.78 4.72 
2.0 22.78 44.44 21.66 
3.0 23.22 75.00 51.78 
4.0 22.78 112,78 90,00 
5.0 23,89 121.11 97.22 
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Steady-state Temperature Rise 
Thermocouple Extenszon Wire (Type K) DWM016A-02A 
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Figure 8.1. Steady-State Temperature Rise in Extension Wire. 
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TABLE 8.2 

Twenty Second Temperature Rise in Thermocouple Extension Wire 

Current (AMPs~ Start Temperature FC~ Stop Temperature ~'C) MaximumTemperature~C) 

0.5 24.78 25.11 25.22 
1.0 24.67 25,56 25.56 
2.0 24.78 28.33 28.67 
3.0 24.89 32.22 32.89 
4,0 24.56 36,00 39.33 
5.0 24.89 48,33 50.56 
6,0 25.56 53,33 57,44 
7.0 24.78 66.11 74.00 
8.0 25.11 76.67 87.78 
9.0 25.67 106.11 108.33 

Note: 1. Stop Temperature is the temperature reached after 20 seconds of 
heating time. 

2. Maximum Temperature is the maximum temperature reached after 
heating for 20 seconds. 
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Figure 8.2. Twenty Second Temperature Rise in Extension Wire. 
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Several additional tests were performed during the project to provide some insight into 

thermocouple performance and characteristics. Enclosed in this section are results from a 

serias of tests which were performed dudng the project. They are: 

1. Noise Analysis Applications for Thermocouples 

2. Thermocouple Inhomogeneity Testing 

In addition to the above, Appendix D is a copy of a report sent to the Lockheed 

Aeronautical Systems Company conceming a field application of the thermocouple LCSR 

technique. 

9.1 Noise Analysis Applications for Thermocouples 

The use of noise analysis to determine the response time of pressure sensors has been 

developed and is used on a frequent basis. Basically, the procedure involves analyzing the 

random fluctuations (noise) which often occur naturally at the output of a thermocouple while 

installed in an operating process. These random fiuctuations contain information about the 

dynamics of the process and the sensor. When the bandwidth of the process fiuctuations 

is sufficiently larger than that of the thermocouple, the spectrum of the thermocouple output 

noise would represent the transfer function of the thermocouple. This transfer function can 

be used to provide the response time of the thermocouple. 

To evaluate the feasibility of using noise analysis for thermocouple response time testing, 

experiments were performed in air and water. The data acquisition procedure involved the 

recording of random temperature noise data from a thermocouple's EMF output, removing 

the electrical DC component, and then amplifying and analyzing the fluctuations. Test data 

were obtained using a hot air blower (flowing at an estimated 14 m/s) and a multiple input 

pipe manifold. For the pipe manifold, hot and cold water were used as inputs. The heated 

water was injected randomly and allowed to mix with cool water to create temperature noise. 

The results of these tests are shown in Table 9.1 and 9.2. Note that plunge tests were not 

performed in the hot air flow, but the baseline plunge results at 14 m/s fiow were used as an 

estimate. 
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TABLE 9.1 

Noise Analysis Results Using Hot Air Blower 

Test # Plunge Result (see) 

AF#20 1 0.16 
AF#20 2 0.16 
AF#20 3 0.16 
AF#20 4 0.16 

Noise Analysis Result (sec) 

0.12 
0.09 
0.09 
0.09 

TABLE 9.2 

Noise Analysis Result Using Pipe Manifold 

Tea# 

AF#04 
AF#20 

Plunge Result (sec~ 

3.70 
0.05 

Noise Analysis Result {sec) 

4.35 
0.50 
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A summary of problems noted during the noise analysis tests are as follows:. 

. The recording of a therrnocouple's EMF output requires the use of very high 
amplification (usually > 50,000). Electrical noise from the amplifier will often 
hide the thermocouple signal. 

, Slower responding thermocouplas require data acquisition at low 
frequencies. The dominating influence at these frequencies is the high pass 
filter (used to remove the DC component of the signal) and not the 
thermocouple output. 

Example noise analysis Power Spectral Density (PSD) plots are shown in 

Figures 9.1.1 and 9.1.2. 

9.2 Thermocouple InhomoqeneJtv Testing 

Inhomogeneities present in thermocouples may cause critical temperature measurement 

errors when they are located within a thermal gradient, Simple tests were performed to 

display how an inhomogeneity in a thermocouple could be detected. To accomplish this, a 

type "K" thermocouple was constructed as shown in Figure 9.2.1. An inhomogeneity was 

introduced in one lead of the thermocouple by cutting the lead wire and re-soldering it back 

together. The test fixture was then connected to an amplifier and strip chart recorder to 

monitor its output during testing, The thermocouple's measuring and reference junctions 

were inserted into a bath of water while a localized temperature gradient was passed along 

the wire. Figures 9,2,2 and 9.2.3 are examples of the output from the thermocouple during 

the test. Note that the spikes which are present indicate where the temperature gradient 

passed over the inhomogeneity. 
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EE-Ast~.Med,;nc. W. Warwick, RA., U.S.A. 
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Figure 9.2.2. Inhomogeneity Test Chart Recording (Amplifier Gain Set at 1000). 
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Figure 9.2.3. Inhomogeneity Test Chart Recording (Amplifier Gain Set at 500). 
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10. THERMOCOUPLE CALIBRATION 

A small portion of the research performed in this project was devoted to thermocouple 

calibration. An overview of the results of the three major tasks completed (calibration 

repeatability, effects of LCSR on calibration, and high temperature calibration) will be 

presented. 

10.1 Calibration Method 

Table 10.1 lists the configuration of the 20 thermocouplas used. Note that these 

thermocouples were different from those used for the primary LCSR research. All 

thermocouples were approximately 31cm long, sheathed in stainless steel, and had 

ungrounded junctions. The method used for the calibrations was a variation of Method B 

described in ASTM Standard E 220. In order to improve temperature stability, a cylindrical 

copper block was inserted into the oil bath. The block has a center hole and six equidistant 

holes drilled in one end. A Standard Platinum Resistance Thermometer (SPRT) was inserted 

into the center hole with its leads connected to a digital multimater (DMM) in a 4-wire ohms 

configuration. Each thermocouple was connected to a different channel of a multiplexer. The 

outputs of the multiplexer were connected to a second DMM and the entire data acquisition 

process was automated using the IEEE-488 protocol. 

Due to the short length of the test thermocouples, it was physically impossible to immerse 

the ends of the thermocouple in an ice point reference junction. As a result, extension wires 

were used. The reference junction ends of the extension wires were soldered to copper wires 

which were then connected to the various multiplexer channels. The soldered junction was 

then encased in heat shrink tubing to allow direct immersion of the junction into the ice bath. 

163 



AEDC-TR-91-26 

TABLE 10.1 

Thermocouple Calibration List 

Ta_ag_# Type Grade 

AFC #01 K std. 
AFC #02 K std. 
AFC #03 K std. 
AFC #04 K std. 
AFC #05 E std. 
AFC #06 E std. 
AFC #07 E std. 
AFC #O8 E std. 
AFC #09 J std. 
AFC #10 J std. 
AFC #11 J std. 
AFC #12 J std. 
AFC #13 K unknown 
AFC #14 J unknown 
AFC #15 K spl. 
AFC #16 E spl. 
AFC #17 J spl. 
AFC #18 K spl. 
AFC #19 E spl. 
AFC #20 J epl. 

Sheath 
Dlam 

6 mm 
5 mm 
3 mm 
2 mm 
6 mm 
5 mm 
3 mm 
2 mm 
6 mm 
5 mm 
3 mm 
2 mm 
3 mm 
3 mm 
3 mm 
3 mm 
3 mm 
3 mm 
3 mm 
3 mm 
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10.2 Thermocouple Calibration Reoeatabilitv 

Figures 10.2.1 through 10.2.6 show typical calibration results for the thermocouples. Note 

that the results are expressed as differences from standard thermocouple reference tables. The 

first three calibrations were performed on the thermocouples in the "as-received" condition with 

no prior testing. Using these three calibrations, it is shown in the figures that the calibration 

repeatability ranges from approximately 0.1°C to 0.5°C depending on the particular thermocouple. 

Note that Figures 10.2.4 through 10.2.6 are for special grade thermocouples in lieu of standard 

grade. 

10.3 Effects of LCSR on Thermocouple Calibration 

Since the LCSR method is being used to perform in-situ response Ume testing, it was 

Important to determine its impact on the accuracy of thermocouple calibration. The fourth 

calibration was performed after LCSR testing had been done on all twenty thermocouples. The 

LCSR tests were accomplished using nominal current and heating times in accordance with 

procedures used for all the LCSR research performed previous to these tests. Figures 10.2.1 

through 10.2.6 provide typical results, and also show the fourlh calibration plotted with the other 

three calibrations. No noticeable effects of LCSR on the calibrations were detected in any of the 

thermocouples tested. 

10.4 High Temperature Thermocouple CalibraUon 

Six thermocouples were calibrated at a relatively high temperature (400°C), and results 

compared to a standard type "S" thermocouple's measurements. Figures 10.4.1 through 10.4.6 

show the results of these tests. These figures represent differences in calibration for each 

thermocouple tested at each temperature, including the high temperature point. 
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Figure 10.2.1. Thermocouple Calibration AFC#02 (0-300"C). 
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Figure 10.2.2. Thermocouple Calibration AFC#03 (0-3000C). 
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Thermocouple Calibration Data 
AFC #04, Deviation from Reference Table 

WLMOO4-O4A 
2.0 

1.5 A 

O 
V 

.~ 1.0 

0.5 
E 
2 . 0.0" 

¢3 -0.5" 

-1.0 160 125 150 1"15 260 225 250 2~'5 360 
Observed Temperature (C) 

• -)<-- Cal I --P-- Cal 2 --x--- Cal 3 ~ Post LCSR 

Figure 10.2.3. Thermocouple Calibration AFC#04 (0-300"C). 
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Figure 10.2.4. Therrnocouple Calibration AFC#16 (0-3000C). 
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Figure 10.2.5. Thermocouple Calibration AFC#17 (0-300=C). 
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Figure 10.2.6. Thermocouple Calibration AFC#18 (0-3000C). 
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Figure 10.4.1. High Temperature Calibration (AFC#03, 0-400°C). 
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Figure 10.4.2. High Temperature Calibration (AFC#07, 0-400"C). 
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Figure 10.4.3. High Temperature Calibration (AFC#11, 0-400°C) 
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Figure 10.4.4. High Temperature Calibration (AFC#18, 0-400=C). 
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Figure 10.4.5. High Temperature Calibration (AFC#19 0-400°C). 
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Figure 10.4.6. High Temperature Calibration (AFC#20, 0-4000C). 
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11. DYNAMIC MODEUNG OF THERMOCOUPLES 

A simplified finite difference numerical model describing the dynamic heat transfer response 

of a bare junction thermocouple to step changes in temperature was developed as part of this 

project. The model was designed to replicate both plunge and LCSR tests. Although the model 

is not intended to be used in place of these tests, it can be used for interpolation or extrapolation 

for conditions not tested (i.e., different wire sizes, flow conditions, thermocouple types, etc). A 

detailed description of the model is provided below. A listing of the source code is provided in 

Appendix B. 

11.1 Thermocouple Model Background Theory 

The model was developed using a lumped capacity heat transfer analysis in the radial 

dimension, which assumes no radial temperature variation in the thermocouple wire or in the 

junction. Although this is an idealized assumption, the small size of the thermocouple wire and 

the relatively high thermal conductivity make this an acceptable choice for exposed junction 

thermocouplas, but a poor choice for grounded or sheathed thermocouples. 

The mathematical formulation involves one dimensional, unsteady state heat transfer with 

heat conduction along the wires. Note that radiation heat transfer has been neglected since this 

would affect results only if the convection heat transfer coefficient is very low. The model 

becomes two dimensional in regions where the wire is insulated, but only to the extent that the 

wire may have a different temperature than the surrounding insulation. Uke the wire, the 

insulation temperature is assumed to vary only along its length. The wire and the insulation can 

be divided into 200 separate sub-lengths, where each sub-length is represented by a node at its 
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center. The temperature is then assumed to be constant over each sub-length. Figure 11.1.1 

illustrates the thermocouple as represented by nodes in the analytical model. The two wires are 

identified as wire "A" and wire "B" in order to allow for separate property inputs such as thermal 

conductivity, specific heat, density and electrical resistivity for each wire material. Six different 

areas are identified in the figure. The heat transfer equations will be different for each specific 

area; however, within an area the form of the equations will be identical. 

As shown in the figure, the six identified areas of the thermocouple are: 

1. Measuring Junction, where wire properties are assumed to be the average of 
wires "A" and "B" and the size may be the same as the wire diameter or a 
larger spherical shape. 

2. Sub-Region 1, the bare wire adjacent to the measurement junction. The node 
spacing is smallest in this region where the results most critically affect the 
time constant. 

3. Sub-Region 2, the insulated wire inside the test environment. 

4. Sub-Region 3, the insulated wire outside the test environment. 

5. Sub-Region 4, the bare wire adjacent to the reference junction. 

6. The reference junction, where the wire attaches to the test instrument. 

The analysis procedure for Sub-Regions 1 and 4 are identical except the convection 

coefficient is different. The same conclusion holds for Sub-Regions 2 and 3. 

11.2 Solution Technique 

The equations for each area were developed in finite difference form and solved by an 

explicit technique. The model's equations are explicit because all unknown nodal temperatures 

for the new time are determined exclusively from the known nodal temperatures at the previous 
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time. Hence calculation of the unknown temperature Is straight forward. Since the temperature 

of each interior node is known at time = 0 (from prescribed initial conditions), the calculation 

begins at time = Dt where Dt is the selected time increment. WHh temperatures known at every 

node for time = Dt, the equations are then applied again at each node to determine temperatures 

at time = 2Dt in terms of the temperatures at time = Dt. 

The accuracy of this technique may be improved by decreasing the time increment and the 

length Increment between the nodes. Of course the smallar increments require more nodes and 

more calculations per time increment so that computing time may be significantly increased. The 

choice of length increment is usually a compromise between computation time and accuracy. 

An undasirable feature of the explicit method is that it is not unconditionally stable. In a 

transient problem (such as the model), the solution for the nodal temperatures should 

continuously approach final (steady-state) values with increasing time. However, with the explicit 

method, the solution may be characterized by numerically induced oscillations which are 

non-causal. The oscillations may become unstable, forcing the solution to diverge from actual 

final conditions. To prevent such erroneous results, the prescribed value of Dt must be 

maintained at small values, which depends on the nodal length increment and other system 

parameters. This dependence is known as the stability criterion. 

11.3 Thermocouple Model Simulation Algorithm 

The numerical model can simulate either a plunge or LCSR test. Initially, a uniform value is 

assumed for all temperatures. To simulate a plunge test, the measuring junction and 
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Sub-regions I and 2 are instantaneously exposed to a surrounding fluid of uniform temperature 

different from the initial temperature of the thermocouple. Using a preselected time increment, 

the temperature at each node is calculated at the end of the time increment in terms of 

surrounding temperatures at the beginning of the time increment. The time is incremented once 

again and all temperatures recalculated in terms of surrounding temperatures at the beginning 

of the current time increment. When using the explicit scheme, a time increment of 0.01 seconds 

appears to produce stable results for all cases studied. 

TO simulate an LCSR test, the measuring junction and subregions 1 and 2 of the 

thermocouple are initially assumed to be at the uniform temperature of the test environment. 

Sub-regions 3 and 4 and the reference junction are at room temperature. At time equal to zero, 

electric power generation is assumed to occur throughout the wires. At the end of each time 

increment, the temperatures are recalculated at each node and the procedure continued until the 

current is shut off. The electric current in amps and time of application are inputs to the program. 

After the current is shut off, the measuring junction and wire are cooled by convection in the test 

environment and the solution continues with the power generation terms set equal to zero. 

In both plunge and LCSR tests, the time constant is determined by curve fitting the 

parameter (T,, - TF) versus time on semi-logarithmic coordinates 

('1"j, - TF) 

where 

Tj is the measuring junction temperature 
Tj, is the initial measuring junction temperature 
and "IF is the temperature of the test environment 
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11.4 Heat Transfer Equations 

The equations used for the development of the model are basic heat transfer relations. The 

terms (and associated units) used throughout these equations are declared below: 

1. "Q" (W): Heat Transfer Rate 

2. "IC (W/m °C): Thermal Conductivity 

3. "A" (m2): Area Normal to the Direction of Heat Flow 

4. "h" (W/m 2 °C): Convection Heat Transfer Coefficient 

5. "r' (A) : Current 

6. "R" (n): Resistance 

7. p (Kg/mS): Density 

8. V (me): Volume 

9. Cp (J/Kg °C): Specific Heat 

The basic equations used were: 

1. Conduction along the wire 

dT 
Q = - K A  

dX where dT is the temperature 
difference between any two adjacent 
nodes along the wire, spaced dx 
apart 

2. Convection from the wire to the surrounding fluid 

Q = h A A T  where AT is the temperature 
difference between the wire and 
surrounding fluid temperature 

3. Conduction heat transfer between the wire end insulation 

Q = - K A  
dT 

dX where dT is the insulation 
temperature minus the wire 
temperature, dX is 1/2 the insulaUon 
thickness and K is thermal 
conductivity of the insulation 
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4. Convection heat transfer between the outer 
surrounding fluid. 

Q = h A A T  

5. Energy generated due to electrical current 

QG. = f R 

surface of the insulation and the 

The development of the equations for each area is shown below. Drawings of the model 

relationships are shown in Figures 11.4.1 through 11.4.4. 

1. Measuring Junction 

The equations are based on an energy balance using the First Law of Thermodynamics for 

each node, where the nat effect of the rate of heat transfer to or from the node by conduction 

along the wire, convection with the surrounding fluid, and heat generation within the node due 

to an electrical current may produce a change in the measuring junction temperature with time. 

Junction properties are averaged between the two wire materials at the measuring junction. The 

energy balance is as follows: 

dE 
Qe-~ + Q~J + QFuJ,o-~ + Q~,. = m 

dt 

Where Qe,u is the rate of heat conduction along the wire from node B to node J and dE/dt 

is the time rate of energy change of node J. 

Note the following: 

QB-,J = KeA (T,- T,,) 

L 
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Q , ~  = K,A (T, - TJ 

L 

Q ~ , ~  = h.=. (T, - Tj) 

Q . .  = I= R 

dE= p V C, (Tj, - Tj) 

dT At 

substituting into the energy balance equation and solving for Tj~ gives: 

Tj, = Tj + [Cl (T,- T,) + C2 (T.- T.) + ~ Q.= + C4 (TF- T J] At 

Where all quantities on the dght side are evaluated at the previous time when they are 

known, and C1 through C4 are known parameters. Note that Tj, is the temperature at node J 

At seconds after the temperature at node J is equal to Tj. and "IF is the fluid temperature. 

2. Energy balance for nodes in the bare wire 

QN-I~N -I" QN+I-el -I- QP-~N "1" Qean -- dE 

dt 

where 

Q~I-~ = K A (TN. 1 - TN) 

L 

QN,,-~ = K A (TN, , - TN) 

L 

Qr~ = h A, (T~- 1".) 

dE = p V Cp (T1N - TN) 

dt A t 
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Substituting into the energy balance equation and solving for T~. gives 

T,N = T. + [C5 ('r.+, + TN., -2T.) + C6 (T F - TN) + C7 Q~,.] A t 

Where C5 through C7 are known constants depending on material properties, geometry and 

node spacing, and all quantities on the right side are evaluated at the previous time. 

3. Energy balance for the Insulated wire nodes 

where 

QN.,-~ + Q..,- . ,  + QI.-.N + Qo,= = dE 

dt 

QN-,-~ = K A (TN., " 1".) 

L 

QN+I-~ = K A (TN., " T~) 

L 

Q=~  = K~ A. (TN- TN) 

L 

dE = p V Cp ('l'lN" T.) 

dt A t 

Substitution and solving for T,. gives 

TIN = "IN + [C8 (TN+, + T.., -2T.) + C9 (T,N" 1".) + C10 Q ~ ]  A t 

Where C8 through C10 are known constants and all temperature values on the right side of the 

above equation are known. Note that T1. is the temperature of the insulated wire node N, At 

seconds after the temperature is equal to "IN. 
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4. Energy balance for the node= In the Insulation 

Energy balance on node "IN" 

QIN-t-,IN "t" QIN+I-'IN "1- Qr~N + QN-,IN = dE 

dt 

Where 

Q~,.~ = KA ('r,.., - T,~) 

L 

QIN+I"*IN = K ~  (TIN+, - T,.) 
L 

Q ~ .  = h A. (TF - T..) 

Q..,. = K A. ON- T.)  

L 

dE = p V Cp (T,, N - T,N) 

dt A t 

Substituting and solving for T,,N gives 

T,,~ = T• + [C11 (T,.., + T,,+, -2T,,) + C12 (TF- T,.) + C13 (TN- T,~)] A t 

Where K is the thermal conductivity of the insulation material. 

A is the insulation cross section area. 
p is the density of insulation material. 
Cp is the specific heat of insulation material. 
V is the volume of insulation material associated with one node. 
A. is the circumferential area. 
C11 through C13 are known constants. 
T,,. is the temperature of node IN At seconds after the temperature = 1"1, 

189 



AEDC-TR-91-26 

5. Energy balance for the reference Junction nodes 

The reference junction (block) is assumed to be the junction between the thermocouple wire 

and a large mass. It is assumed that the block temperature remains at a constant ambient 

temperature, it should be noted that connections to pass the required current for the model's 

LCSR test are made to the bare wire adjacent to the junction so that no I=R heating occurs in the 

reference junction. 

Energy balance on node "J" 

Where 

QJ.,-.., + QJ+l-.o + Qn,.=,-.J = dE 

dT 

Qj. , .~ = K A  ('1".,., - T.,) 

L 

Q, . , . ,  = 2 K = A =  FJ. ,  - T J  

L= 

Q..,,..~ = hA ('r, - T.) 

dE (Tj,- Tj) 
= p C p V  

dt z~t 
(properties are of block) 

The final equation for the reference junction temperature is as follows: 

Tj, = Tj + (C14 ('l"j., - Tj) + ClS (TF- T~) + C16 (Tj., - T~)) At 

Where C14 through C15 are known constants. "BU' subscripts are for the block. All other 
subscripts are listed previously. 
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11.5 Thermocouple Model Results 

To date, the model has been successfully used to predict results for several cases. 

However, because of the uncertainty in determining the convection heat transfer coefficient "h", 

it is difficult to match measured results perfectly. Figure 11.5.1 shows actual versus model results 

for a plunge test of an exposed junction thermocouple. Other examples are provided for the 

following cases: 

. 

. 

. 

, 

Typical model plunge tests using different values for the heat transfer 
coefficient (Figure 11.5.2). This figure is intended to illustrate how differing 
heat transfer coefficients will affect time constant results. Note all other 
variables were held constant, and a type "K" thermocouple was used. 

LCSR transients for a type "K" thermocouple using differing values for "h" 
(Figure 11.5.3). 

LCSR transients for a type "1~' thermocouple using different wire sizes 
(Figure 11.5.4). This figure is intended to illustrate how different values for the 
thermocouple wire diameter will affect the transient response. The wire 
diameters were 0.25 mm and 0.51 mm. 

Typical LCSR transients for type E, J, and K thermocouples using constant 
nominal thermocouple parameters (Figure 11.5.5). Note that the differences 
in the cunlas are probably due to different values of thermal conductivity for 
each of the thermocouplas. The transients don't appear to reach final values 
due to heat transfer along the extension wire. 
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Figure 11.5.1. Model Versus Actual Plunge Test Results. 
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Plunge Test With Differing Values of h 
Generated By Modeling Program 

DVS010A-01A 

h = 587 W/(m^2 C) 

h - 176 W/(m^2 C) 

] 
O 

Z 

0.1 

2 4 6 8 10 12 14 
Time (Nc) 

16 1'8 20 

Figure 11.5.2. Model Plunge Test Results Using Different 
Heat Transfer Coefficients. 
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LCSR With Differing Values For h 
Generated By Modeling Program 

DVS007A-01A 

l Q 
O h- 

i 

h = 567 W/(m^2 C) 

h = 176 Wl(m ̂  2 C) 

Z 

0,1- 

01 
0 

"l'ime(sec) 
10 

Figure 11.5.3. LCSR Transients for Type "R' Thermocouple Using 
Different Values of "h". 
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1.2 

LCSR WRh Differing Wire Size 
Generated By Modeling Program 

~ S A - O I A  

| 

] 
o 
Z 

1- 

0.25 mm Diam. 

0.51 mm Diam. 

-o.21 
o 

Time (sac) 
16 

Figure 11.5.4. LCSR Transients for Type "K" Thermocouple Using 
Different Wire Diameters. 
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I 
LCSR With Different Thermocouple Types 

Generated By Modeling Program 
DVS009A-01B 

0 , 5  N 

0.4- 

0.2- 

0.1 

0 

r ~ TypeJ 

Time (sec) 
10 

Figure 11.5.5. Typical LCSR Transients for Type "E", "J", and "i¢' 
Thermocouples Using the Model. 
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APPENDIX A 

Thermocouple Usting 
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Thermocouple Characteristics Table (Pace I of 2) 

T .  # :O.D.(in) e I 
, AF#1 ,K q.irl¢" , 18 1 /4  0 . 6 1  

' ~ ' ' 0.53 , AF,~ ,Z Opi,',~ ,1  , 1 /  ' 0.45 
, AFt,'3 ,K ~h,iok GNI)-JNC , 141 , I/ = 0.65 

,K q,,,,.,, , I, E= , ' l  ' OP,N , .@'~5 ,K Qukk , 11 , ,  , , 
, AF#6 ,K quick ,20 ,~ 6 0.69 
, ~#7 ,K quick ,20 ,, 6 ' 0.66 
, AF#6 ,X Trans 36" , 20  ! i  6 ', 2.27 

. , 1 . 4 5  L "~'m# 9 ,X quick ,23  ' ; 1.67 
, AF#IO ,X quick ,23 , L 1.58 
, ~#11 ,.i{ quick ,23 , { 
, AF#12 ,K Trans 40" Bent ,23 , } ' 3.55 
,  ,13 Quick ,3o ,1115 : 
, AFI/14 ,K Quick , , Flex , 72 
, AF#15 ',Z ~,i,~l~ , R e x  , 
, ~#16 ,K q,,iol~ ' 1 Rex , 1.2 
, AF#17 ,K quick ' " 3 ' 4.63 
, ~ 1 8  ,K q-mini  EXP-J~ , ' 3 L 113.4 
, AF,~19 ,K No CON EXP-JNC , ' 2 ' 111.4 
i AF,~0 i K Q--mini L ~ - ~ C  i i 3 ' 264 
, AFt21 ,K (}-mini C, NI)-JNC , , , 

' ; , 11.6 , AF#22 ,X Q-mini EXP-JNC , ! ; 10.9 
I AF#23 iK ~-mini ~ J N C  i ,,? i 14 
I AF#24 Ii( 0cmini GND-JNC , ,~ I 13 
i AFt25 rr{ ~ - m i n i  GND--JNC ; , , 2.67 
, AF,~6 ,g Trans 40" ,:20 : 6 , 0.79 
! lh '~7  iE q,,i,.Ic L 20 ,: 6 , '7 

,20 , . 0.? , AFt6  ,E q,,ick : 6 
, AF t9  ,E q,,iok ,23 , I//8 ' 1.57 

,i 
,' AF~I~O' ,E'E Trapsq,,irk 51" ,, 3020 ', 11 ,6 , (1.38~i~ 

, AF{32 ,T Trans 40" ,20 , ; ~i , 
, ~#33. i T q, fiek GND-J'NC } 20 , "i ~ ' 0.410"47 
i AFt34 iT q,,irk I 20 i 6 i 3.07 

AF#35 ,T quick , 30 ' I  ~ ' 
AF#36 r j Trans 29" ,20  , i 1.47 

' 1.03 ,' AFf37 J quick , 20  , El , 
, AF~6 rJ qllif,{z I ~4 , : , II 1.28 

- 2.76 , A F t 9  ,J TransSl" ,20 ,: 
, AF#40 ,J ~,i,.It ,30 . : 6 , :3.29 

[nsR 
200 K 
40 M 
n/a 
25 M 
>100 G 
200 K 
500 M 
1.5 M 

, t O M  
15M 
'IM 
L n~/a 

, n /  
, n /a  

n/,, 
' 200 g 

150 K 
n/a  

200 K 
350 K 

n/a  
n /a  

4O M 
35 M 
IOM 
3O M 
90 M 
300 M 
13M 
n/a  

5 M  
10 G 
,0 I G 

6.5 M 
6M 
JOM 
1.2 M 

C u r ~ n t a s d ~ v  17. 1990 
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Thennocouple Characteristics Table (Page 2 of 2) 

AF/f.41 Z Dual PH ~.,~,h 1/4 0.5 
AF#42 F Dual PH a_~mh 1/4 0.45 
AF#43 E I~,lir.k 30 1/16 6.9 
AFt4 E q11if*k L8 1//4 0.85 
AF#45 E (~dr~ 30 1/18 7.2 
AF#46 J I~,,r~ 18 I /4  0.6 
AF#47 ,I (~d~k 30 1[16 3.75 
AF#48 Q,,irk 30 1/16 4 
AF#49 ~[ q,,irk 30 1/16 5.8 
~ 0  ~ ~1,~ 30 t/16 5.8 
.@'~1 Z Q,_,ic~_ EXP--JNC 30 1/16 6.3 
AF//52 J Qlfiok EXP-JNC 30 1/16 3.7 

lOG 
n/,, 
20 g 
400 K 
7G 
1.5 g 
lOG. 
2O G 
2O g 
2O G 
4.0 ~,! 
1.2 M 

Current as of LVmv 17. 1900 
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 ++  +++  ++   +  ++   + + +++ + +  ++  i i ++   i+ i++  ++!++  + ++  i+i i+i !iii+i i+ii i+ii+ii+iiiiiii i !iiiiiiiiiii! ii+ iiiiii +i iiiiii!iii++iiiii i!ii+iiiii i+i!iiii+!i+i+iiii  ii+ i  iiiii iiii iiii iiiiiiiiiii 
  i+iiii+ii iiiiiiiiiiiiii+iiiiiii ii  iii i+ + i+ii!ii iiii+i ii+i+iiiiiii+iiii +ii+iiiiiiiiii iiiiiiiii! iiiiiii i iii iiiiii iii+ !i iii iiiii +i +i+i ii! iii i i!i iii    i+i i ! iii i ii +iii +i iiiii i i !i!i!ii   

Tag # 

AFC #01 

AFC #02 

AFC #03 

AFC #04 

AFCdO5 

AFC #06 

AFC #07 

AFC #08 

AFC #09 

AFC #10 

AFC #11 

AFC #12 

AFC #13 

AFC #14 

AFC #15 

AFC #16 

AFC #17 

AFC #18 

AFC #19 

AFC #20 

Description 

Type K, 6 mm diameter, SS sheath, standard l l m l  of calibration 

Type K, 5 mm diameter, SS sheath, standard l i m i  of calibratlon 

Type K, 3 mm diameter, SS sheath, standard l i m l  of calibration 

Type K, 2 mm diameter, SS sheath, standard limits of catibration 

Type E, 6 mm diameter, SS sheath, atandard limits of calibration 

Type E, 5 mm diameter, SS sheath, standard l i m l  of calibration 

Type E, 3 mm diameter, SS sheath, standard limits of ¢&libration 

Type E, 2 mm diameter, SS shel~n, standard limits of calibration 

Type J, 6 mm diameter, SS sheath, standard limits of calibration 

Type J, 5 mm diameter, SS sheath, standard limits of calibration 

Type J, 3 mm diameter, SS sheath, standard limits of ~-alibration 

Type J, 2 mm diameter, SS sheath, standard limits of calibration 

Type K, 3 mm diameter, SS sheath, oal limits uncertain (shipped as special) 

Type J, 3 mm diameter, SS sheath, cal limits uncedain (shipped u special) 

Type K, 3 mm diameter, SS sheath, special limits of calibration 

Type E, 3 mm diameter, SS sheath, special limits of calibration 

Type J, 3 mm diameter, SS sheath, special limits of calibration 

Type K, 3 mm diameter, SS sheath, special limits of calibration 

Type E, 3 mm diameter, SS sheath, special limits of caiibretion 

Type J, 3 mm diameter, SS sheath, special l i m l  of calibration 
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APPENDIX B 

Thermocouple Modeling Program Source Code 
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' program name is TC~4]OEL.SAS 
'This proQreml InaLyzes • bare juMction th•rmecoupLe urldergo|ng on LCSit or plunge test  

curve f i t  techniclkms for  • f i r s t  order system • re  used to get t|lMcormtont 
THE TWO [ N E ~ l . l r  b/IRES ARE IDENTIFIED AS UIItE A ANO bllI,E l 
I • INSULATION,  J : MEASURING JUNCTION, It : ItEFEItENCE .ILiIICTION 

Medi f toet ions:  

8/13/90 I f  the j u n c t l ~  d i m t l r  is  the sam i s  the t l | r l  l | l l :  
thefl the junctlcrt is IodeLed Is  • cy l inder .  Otherwtl•. 
then jt,~tion |s ecdlled IS • sphere 

DECLARE SUIT PLotTr l r l lent  (Dsvi¢eOriverUameS, Osvt¢eNamsS, X l ( ) .  Y I ( ) )  
DECLARE SUB Dsflr teTestPorm ( )  
DECLARE SU§ ErrorNsg (itoutir~ltlumX, IEITITZ) 
DECLARE SUB ForlMtStrfngNum {VllusSp HulrPLscesZ) 
DECLARE SUB GetKeystroke {KeyVILI) 
DECLARE SUB SelectNeltXfer ()  
DECLARE SUE SeLectNochDL ()  
DECLARE SUB TEDimermicx~s (3 
DECUUUE SUE UriteMcdeiToFile ()  

CG4qON SHARED /TCPropert|es/ I[POSl, CpPosl, IthoPo41, KNIgl, Cl~qegl, Rl~li41gl 

O01tqON SHARED /TCTypes/ TCTypel& 
COtqoN SNARED ITestPmrsm/ ~ t s X ,  Ol l taTim~, FtLenamS, PtungeX 
COHNQN SHARED /TestPlrams2/ St lr tTsapl,  DathTenq01, ImmrseLenl, kNperage! 
C(MqOH SHARED /TestPlrwmD/ TtaeOfApptl¢•tionl, ICeiq~eltUpX, LenlnTestArea! 

SHAftED I lnsutPra~ert lec l  KlrwJLI, GplnsuLI, Itholnsull 
COle(ON SHARED / i t es i s t t v t t y /  SeSPOS#, ItoeNeg# 

SHAREO /Otmnsions/ I~treO|ml, Junctt¢mPfmsl, IrrsuiThickl 
GOleiON SNARED /Lengths/ ArestLenl. Arel~Lenl, Tot•lLenl 
COINON SNARED /seatXfor /  AreslNTI, Ares2NTl, Arn-XHTI, Ares&HTI, JuncttonHTI 
COHN~ SHAftED /Nodelnfo/ NodeSlzHArea11~ icx~eStzeAres21, NodeSIzeArl~! 

SHARED /Nedelnfo2/ NocieSizeAroe41, BodeslnAreslX, EodeslnAres2~i 

C~,~l(~ SHARED /NodeirlfoD/ ItcdeslrV~resDX. iodeslnAreai~. ArealStar1:Node~ 
CCI#4~ SHARED /NodelnfcAI Are~StsrtNodeX, Are•3StsrtNodeX, Aree4StsrtlodeX 

SHAftED ITimeConst/ TINECON, TIHEC1 

r~liST TITUE • - |  
r.ONST FALSE : O 

DiM SNARED TEDilw(5) AS STR|NG • 9 
DIM SHARED HeatXfer(S) AS STRING • 7 

DIM SHARED Paralm(6) AS STItlIG * 6 
DIM SHARED T e l q ~ ( 5 )  

SeLect wpe of thermoncupLa to be lledeLed 

CALL SeL ectM~deL 

# 

s Define the dimensions of the thermocoupLe 

CALL TCO tmenst~ls 

• SeLect heat t ransfer  coef f ic ients  for  the mocieL 
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a 

CALL SeLectHeatXfer 

J 

a Defil~4 r i m i i n i n g  test  1:4rel i ters 
r 

CALL Oef | neTes tPorm 

UJreEadiusl = WlroOimml / 2 

JuncticwlRadtusl • Junct|onDimml / 2 

NodeSizeArea&! • 10 * V|reOIiml 

HodeSiz4~resl! = UtreOlaml 

IF AreslL im! / NodeSizeAresll • 10 THEN 

l l~deStzeAresl! • $ * kllreOtesl 

END %F 

t 

' Def ine Node sizes fo r  reSltOns 2 and ] 

NoddizeArea21 • .5 

Hodd i z~ res31  • 11 

e | n t t t l l l t z e  var iab les  depending on tes t  type 

/FLAG1 • 0: IFLAG2 • 0: [LOOP • 0: CLS 

iF PtunoeX THEN 

IFLAG • 0 

/mperagel # 0 

Area2Lenl = 1mrseLen !  - AreslLIml 

ELSE 

ZFLAG • 1 

Sithlr4mlpl • $tllrtTe41pl 

Arsm2Leml • L~|nTestArsre! * ArealL4ml 

END IF 

TF1 • S t s r t T m l  

TF4 • StartTuqQI 

ZF AreliZLenl • 0 THEN A r ~ L i m l  • 0 

Arel~Llmf • To t l i L lm l  - Are~LIml  - L im]nTestArel !  

NodeslnArH1Z : INT(Arel lLenl  / N e d d i z e A r e s l l )  

NodeslnArea2X • |NT(Ares2Liml / N o d e $ i z l ~ r n 2 ! )  

Hodesir~res~; • IHT(Arell3LIm! / SodeSizeArel31) 

Hodeslrklrea&~ = IHT(Area&Len! / NodeSizeArlN~r*l ) 

AreslStartNode~ = I 

AreaZSt:lrtHodeX = Nodes[ r~ree l l  + 1 

AreaXStertHodeX • NQdes[rlArellX ÷ Nodeoi~re l2~ + I 

Are~Ster tHodeX • Hodes|r~resIX ÷ Hodel%~res2"~ * Nodeslr~rea3X + 1 

READ NBLK, CeLl(, RHOELR, DR J, LRJ 'HEF JNC IILOCI( 

DATA 30, .15r 600, . ~ a  ,5 

SmnpLetlumd& = 0 

ERJ • DHJ / ~' 

QSA • . I ~ 1  * Mlperegel ^ 2 * itesPoslil I Wiridhld|Um! ^ l; 

¢lSII = OSA * EeS~r'SpI / HesPo4Jl 

RESJ • ( I t e~o~ l  * EesNeg4) / 2 

NEFF • (Vireitedi~cSl ÷ Junct ionSodtusl)  / Z 
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GSJ • .1661 • Ailaperlgel * 2 * iESJ I Junctior4tad|Lml * 4 

KJ = (ICPoel * KHegl) / 2 

CPJ = (¢FPosl * Cl~egl )  / 2 

RHOJ • (RhOPosl ÷ Rh(~legl) / :) 

IITOT • Hodeslr~realX + NodeslnAruL)X * Hodeslr~Lrea3Z + H o d e l l n A r l a ~  

RED|H SHARED TAI(NTOT ÷ I ) ,  TSI¢HTDT • I )  

REDIH SHARED T|AD(NTOT ~" 1), TlilI(HTDT ÷ 1) 

RESIN SHARED TAtlCNTOT ÷ I ) ,  TitlI(IdTOT • I )  

RESIN SNARED T|AIi(NTOT ÷ I ) ,  TISlI(HTOT • 1} 

REDIM SHARED T m I C N U I P t S Z  ÷ 3),  Tinml(NunPtr3 ÷ 3) 

FOR ! • 2 TO HTOT 

TR l ( t )  • S t a t U T e !  

TS I ( | )  • StortTomko! 

T IAI (1)  • Star!Tempi 

T l B t ( I )  • St i r tTi lmpf 

NEXT I 

TJ • S ta r tTmp l  

TRA • StartTeelpl 

TRR = Star tTa lp l  
# 

t 

r 

'**tt*eto*t~e~m****PARN4ETERS FOR EOUATIt~S LISTED BELOU ***mNHmte~*************ete*tt*t~ 

I~k • .04 * HPosl 1 (RhoPo411 • Ci~OSl) 

C08 = .04 • KHORI I (Rhailegl * Ct~iegl) 

COl • .04 * [ I nsu [ I  I (Rhotnsu[I • Cp[nsut l )  

¢ODL • .04 * RBLK / (RHOBLK * ¢BLR * LRJ " 2) 

¢MA1 • ,00667 * AreaIKt l  / (RhoPos! * CpPOSt * W|r4ditadJt~q) 

Sill1 • ,00667 t AroalRTI / (RhoNegl * ¢pNegt * UtreRed~usl) 

CNA4 • ,O066Z * AreaW*HTI / (RhaPosl * Cl=Posf * WJr~Rmd|usl) 

~HI~ • .00667 • Aro44HTI / (Rh~legl • CpNeg! * U|roRIKIJ~I)  

C~A • .06 • I[lal~L! * InsuLThickl / ((RhoPos! * ¢pPom| • I~IrM~IKHUSl ~ 2) * LOG(1 * IntFu|Th|cki I ( 

Z * V l reRod lus l ) ) )  

L%PaD • .O& * r ln tuJt l  * I ~ L T h i c k l  / ((RI~NeO! * C~egi  * WfreJhldtusl A Z) * LOG(1 ÷ tnsutThtck l  / ( 

Z * U t r o h c l t • l ) ) )  

IHVC • (:)§ • Rho|rmutl * ¢plnsuLI * (Z • WtreRadJusl * |noutThiEkl  • InmJtThiEkl A 2) • LOG((W~reRKI 

lust  ÷ IrmuiTh|ckS) / ( IdJre#adi~f * InwJtThickl  / 2 ) )  I (2 • EZrmutt)) 

IHVC2 • 300 * Rhoin lu | !  t CplnsuL! • (2 * UireRa<l|usl • InsuLThiEk! • InsuiTh~ck! * Z) i (2 * Arem2H 

TI * (t / i reRadius| + ]nsulThJck~)) 

C0~2 • 1 / (tHVC * IMVC2) 

|RVC3 • (300 * Rholnsut l  • Cplnsut l  • (2 * U|reRadius| * In~uiThick l  * InsutTh|ck l  * 2) 1 (2 * Area3 

HTI • ( l~lredladimll ÷ I n s u t T h i c k l ) ) )  

CON3 , 1 I ( IRVC ÷ IllVC3) 

CIN • .08 * Klrmu[I  / (RhoZnsut| • C4plnsutl • (2 * I / f re~ad|usl  * lnsu iTh ick l  + Insu lTh ick !  ~ 2) * LO 

g(1 + [rnlutTh|ckl  / (2 * WJrMta<l|usl))) 

HAV • (RhoPomi ÷ RhoHegl) I 

CAV • (Cl~o=l * Cpllegl) / 2 

[ f  ABS((JUnEtiOnR~iu~l * uireRadJusl) / I / | reRadf t~ l )  • .01 THEN ~Rode| l i  N~here 

CJA = (.06 * KPosl • I~lreHAd|us! * 2) / (RAV * CAV * I~odeStzeArell! * JuncttonRadimll  ^ 3) 

CJ8 = (.06 • KEegl * I ~ l r d i d { u s !  " Z) / {RAV * G~V * llodeSIzeArH11 • Jun¢tJo~Raldjusl ^ 3) 

CJH • (.01 • Junct |or / ITI)  I (HAV * CAV * J u r E t i o n R a d i ~ )  

ELSE q4odet iS • cy l i nder  

CJA • ( .08 • KPOSl) I (HAV * CAV * Sode$izeAreal[ ~ ~) 
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¢J i l  • ( . 0 8  * K N e g l )  / ( U V  * CAV * M c d e S i z e A r e a l l  " 2 )  

CJN • ( ( . 0 1  • Ju r )c¢ ionHTI )  I (RAY * CAV * J z J r ~ t i ~ a d i ~ l ) )  I ] 

END IF  

CRA • ¢.O& * KPosl * W i r e R a d t u s l  " Z )  / (RHC)OLV * CBL[  * LAd * RRJ ^ 2)  

CRD • ( .O& * KHe91 * V l r d a d | U l l  " 2 )  / (RH(mL[  * C l iL [  * LmJ * H J  * 2)  

CNBL • .00333 * Ar Io&HTI  * W | r e ~ o d t u i l  / ¢RHODL[ * CBLK * LRJ * RRJ A 2)  

[K - O: SUN1 • O: S ~ 2  • O: StY3 • O: SUN& • O: ~ K  • I 
J 

• C o e f f i c i e n t s  f o r  d i f f e r t ~ c e  e q u a t l a r 4  
r 

C l l  = CJA 

(:21 • C J |  

C3t • 11 / (RAV * CAV) 

C&l - CJN 

C~! - COA I M o d e S i z d r u l l  * Z 

CS! • I I  I (RhoPos l  * C ~ o m l )  

¢7!  • CMA1 

CSI - COg / M o d e S i z e A r e e l I  " 2 

C91 • 11 / (RhoNesI  * C~141091) 

C10f • CNBI 

C11I • (;CA / N ~ S I z o A r H 2 !  " Z 

C12! • CkIIA / A r u ? J . e n l  

C1)1 • COl / NodeS~zeArea21 " 2 

¢14!  • CkmlS / A r e l ~ , L ~ !  

¢15!  • COl I N(x~eS|zeArelQ!  " 2 

¢16!  • (:OI12 

C17! • CIH 

C18! • COA / M o d e S l z l A r l l l ~ 4  " 2 

C194 • ~ / A r e a ] L e n l  

C201 • COB / H o d e S l z l A r u ] l  " 2 

C211 • Ck149 / A rea3Len l  

C22f • ¢01 I N o d d i z e A r e | 3 1  ^ 2 

C2)1 = COg) 

C261 • C O A I  NodeSfzeArea41 " 2 

C251 • CRA4 

I;:+61 • COg / NodeS izeArew; I  " 2 

C2TI = C i 6 4  

T imeCcnstantFoun ' lz~ • 0 ' F I L N  

OPEN F i t e n u e S  + " . S A T "  FOg GJTIqJT AS #1 

FCI~ S i l p l eMu lnX  . 0 TQ MuI I~ t lX  

TJ1 • TJ * C e l l  * (TALC2) - TJ)  * CZt * ( T D I ( 2 )  - TJ )  + GSJ * C31 * C&I * (Bo thTempl  - T J ) )  * DeL 

t l T | I n o l  

T A I l ( 2 )  • T A t { 2 )  + (C51 * (2  * TJ * T A I ( 3 )  - 3 * T A I ( 2 ) )  ÷ OGA * C6I + C71 * ( g l t h T e m p l  - T A I ( 2 ) )  

) * D e I t o T i m e l  

T911(2 )  • T B i ( 2 )  * (CSI * (2  * TJ • T S I ( 1 )  - 3 * T l a i ( 2 ) )  • QS8 * C91 + ¢I01 * (6a thTe lap l  - T B i ( 2 )  

) )  * O e t t a T i m l  

WRITE #1 ,  SamtpIeNui1~ * D e L t l T t m e l ,  TJ 

LOCATE 12, 25 

PRINT USING I ' C a L c u L l t | n g  Sq lpLe  J o f  # I ~ # . ;  S a m p t e ~ ,  NumPtsX 

LOCATE 13, l&  

PRINT USING mat / N M . M  Sec_, =; S~npLeNunzX * O e I t i T i m e l ;  

PRINT USING "~he  J u n c t | m l  T i l ~ r a t u r e  |S ~ , # #  F~I TJ1 

~ • * * * * * * * * * * * F I R S T  LOOP-BARS WIRE i [ X T  1"O JNC * * ' , * ~ , * * * * * * ~ * • * * * m * •  
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FOR [ : 3 TO U o d e s l n A r o x l X  

T A l t t l )  • T A t ( 1 )  * (CSt • ( T A I ( I  • 1)  • TALC| - 1)  - 2 * TALC) ) )  + QSA * ¢6 t  • CTt • ( S | t h T s w p  

I " T A I ( | ) ) )  • D e l t l T t m 4 1  

T E l l ( | }  • T E l ( Z )  ÷ (C81 : ( T I I ( |  * 1 )  * T E t ( I  - 1 )  ° 2 * T E l ( l ) )  ÷ GIG * cg t  ÷ ClOt * ( B a t h T e l  

p l  " T E l ( | } ) )  * D e l t l T I f m l  

NEXT ! 

# * ~ m m m m m ' * * S E C O M D  LOOP-]MSULATED WINE Jl iSlOE TEST EJ(VR * * * * * * * * * * * ~ r *  

FOJ ] : k r e e 2 S t o r t N o d e X  TO Area3Star tModeX - 1 

T l A t ( M o d e e l n A r e i 1 X )  - T t A t ( M o d e s l n A r e o I X  ÷ 2 )  

T A l l ( g )  x T A I ( [ )  * (C11t * ( T A t ( [  * I )  • T A I ( I  " 1 )  - 2 * T A g ( [ ) )  * QSA * COl + C121 * ( T [ A I ( [  

) * T A t ( I ) ) )  * D e i t o T I I M I  

T E l l ( l )  • T E l ( I )  * (C131 * ( T E l ( !  * I )  + T B I ( I  * 1)  - 2 * T i t ( I ) )  * OSl  * C9t * C l & l  * ( T Z | t ( 1  

) - T 8 1 ( [ ) ) )  * De t taT t lRe l  

T [ A I I ( I )  • T I A I ( I )  * (C151 * ( T I A I ( |  + I )  ÷ T I A I ( (  " 1)  " 2 * H A t ( Z ) )  + C161 * ( | a t h T e m p l  - T 

[ A I ( I ) )  ÷ C171 t ( T A t ( ) )  " T I A I ( I ) ) )  * DaLtaT ime l  

T l I l l ( I )  • T ] O t ( l )  * (C1SI * ( T I O i ( I  * I )  + T l g l ( I  " I )  " 2 * T I E r ( | ) )  ÷ C16t * ( I a t hT l sqp t  - T 

l E t ( l ) )  + C17t * ( T i t ( 1 )  " T I e t t [ ) ) )  * OeLtaTfln41 

NEXT ( 

r . . . .  : - ~ - - - : : : ~ H I N D  LOOP*INSULATED u]NE OUTSIDE TEST ENVR * * ~ * * * * * * * * * * *  

FOR I • A r e e 3 S t e r t u o d e X  TO A r e a ~ S t m r t l l a d d  - 1 

T I A l ( A r a ~ r ,  s t I r t M o d e X )  • T]At(ArelYJStmrtNcxlel& - 2 )  

T A l t ( I )  • T A t ( t )  + (C181 * ( T A I ( I  • 1 )  + T A I ( I  " I )  " :P * T A I ( I ) )  + ~ * C61 ÷ C191 * ( T I A t ( )  

) - T A t ( 1 ) ) )  * Oel l :aTimeJ 

T i l l ( l )  • T E l ( E )  + (C201 * ( T E l ( !  + 1) * T i l t (  " 1 )  - 2 * T i t ( 1 ) )  * GEE • cg t  ÷ CZ1t * ( T I B t ( ]  

) - T N t ( l ) ) )  * D e l t a T I n m l  

T J A I I ( [ )  • T I A I ( 1 )  * (C22t * ( l I A l ( [  + I )  * T I A t ( l  - I )  - :l * T I A I ( I ) )  * C231 * (TF& * H A l ( l )  

) + ¢171 * ( T A I ( I )  " T I A t ( 1 ) ) )  * D e l t a T i l m l  

T l B l l { l )  = T I I r ( I )  + (C221 * ( T I B t ( l  + 1 )  + T lg t ( l  " 1 )  - 2 * T I N t ( I ) }  + C231 * (TF4 * T I N l ( l )  

) + ¢171 * ( T E l ( I )  " T i l t ( I ) ) )  * D e t t a T i l m t  

NEXT l 

e * * * ~ : ~ ; ; : : : F O U I t T H  (COP-EARl U(NE NEXT TO NEF J N C * * * * * * * * * * * *  

N O - 1  

FOR [ • A r e a & S t a r t u o d a X  TO NTOT 

IF I < (UTOT I 2 )  THEM GOTO 7000 

1(40 • 0 ~CUItEENT LEADS ATTACHED TO NAILS T/C VIES BETWEEN SEF JMC AND |NSULATIOR 

71000 TAt(NTOT • 1) • TEA: TEt(MTOT * 1) • TlitB 

T A l l ( I )  • T A t ( l )  + (C2M * ( T A I l ]  + 1}  * T A t ( I  " 1) " 2 * T A t ( 1 ) )  + ICO * OSA * CEt + C25t * (T  

F4 - T A t ( I ) } )  * O e ( t a T i e m l  

T E l l ( 1 )  • T i t ( t )  * (C26t * ( T S I ( I  ÷ 1) ÷ T i t ( I  " I )  " 2 * T i t ( 1 ) )  ÷ I(Q * OSm * cg t  ÷ C2Tt * (T  

F& " T E l ( 1 ) ) )  * OeLtaTtme l  

NEXT l 
# 

a 

# * * * ~ * m , * * * * * * e * * * * * * N E F E R E N C  E JUXCTIORe****~ . . . . .  ~ . ~ . ~ * * * * * * * . 4 . *  

TEA1 * TEA * (CRA * (TAICNTOT) - IRA) + (OSA * WIPdacl |*JSt " 2 * M o c l e S l z ~ r e ~ t )  I (RhoPos l  * CpP 

ost  • EEJ " 2 * LRJ)  ÷ (COIL ÷ CNEL * A r I H i 4 L ~ ( )  * (TF4 - TEA))  * DeL~aT | I~ I  

TEE1 • TRB * (CRI  • (TB l lNTOT)  - TRI )  ÷ (QSB * V i r l d ~ a d l u s t  * 2 * NcxEeS izeAre l~ t )  / (EhoNe~l  * 

• I t  * RRJ ^ ~ * LEJ)  * (COIL + CNBL * Aras~,Len l )  * (TF& ° TAB))  * De ( taT |me t  

: * * * * * * * * * v ' ~ ' * R E D E F I N E  VALUES FOR NEXT * - - * * * * * * * * * * * * * * * * * * * - - * * - -  

T J E [  • TJ :  TJ • T J I :  t l A  • TEAl :  Tits • TRI1 

FOR I • 2 TO MTOT 

T A t ( l )  • TA l l ( 1 ) :  T E l ( 1 )  • T B l t ( ) )  

T I A i ( [ )  : T I A I I ( ] ) :  T I N t ( I )  : T l I l t ( I )  

NEXT [ 

i F  NOT T lmeCon~ton tFound l~  THEM 

IF P L ~ S ~  THEM '~ C a [ c u l l l t O  Least  s q u i r r e l  l i nd  .632 t i m e  ¢ o n s t ~ m t l  

PAR x AOS((TJ - Bo thTempt )  / (S ta r (Tempt  - | a t h T e m p l ) )  
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IF PAR ~ .8 THEN 

IF IFLA~ < 10 THEN 

TST • T J: ~ • SampL~umZ: 1FLAC~ • 10 

END IF 

1F PAN >g ,35 THEN 

PAN2 • ABS((TJ " BethTempl) / (GathTe~pl - TST)) 

SU)I1 = SUI41 * LCG(PAIt2) 

s S~42 + DeLtaT|meI t (Sampt~unX - PQ) 

SUN3 z ~ ÷ (Sampleidta~ - PQ) t DettlITiawl * LOG(PNtZ) 

SUM& z ~ + ((S~ptM4ue~ - HQ) • O e t t a T i m l )  " 2 

iF PAJt <- .368 AIID IFLAG5 • 3 THEN 

TIPlECI • SmpteNud  * D e t t | T | m t :  IFI.AGS • | 

END I F 

I [ •  IK~' 1 

ELSE 

TIMEC~ s ABSCCI[ • ~ ° SlJN2 " 2) / { [K  • ~ * SUM2 • SUM1)) 

TimeCormtRltF¢~'~( • -1 'Set ~o t rue 

END IF 

END iF 

ELSE # I t  uaS $n LCSR $imJtat lon 

IF SampteN~  * Oe|tuTime! • TimeOfAppt|cat|ont THEN aCurrent IS o f f  

iF IFLAG1 • & THEM a F | rs t  step leith no cur rent  

GSA • O: QSB • O: OSJ • O 

TJP[ • TJ: [LOOP * 1:]FI.A61 • 6 

ENO IF 

PAR1 • AGSi(TJ - ILtthT4flDI) / (TJPK - SathTempl)) 

iF PAR1 <• .8 THEM 

IF IFLAG9 • 7 THEM eF|rst po in t  w | th In  the ~|ndov 

TST - T J: PQ - Sal~lelKi l~: IFLAG9 • 1S 

END IF 

|F PAN1 >• .2 THEN 

PAR2 • ((TJ - BathTimlpl) / (TST - SathTImpl))  

SUN1 z SUM1 + LCG(PAR2) 

SUN2 s SLt12 * DeltllTi~qe! * (SampteNu~ - Pg) 

SUM3 • SUM3 * ($mpLeN ' - ~  • PC|) • gettaTimel * LOG(PAR2) 

SUN& s ~ ÷ (($ampLeNLaKC - PQ) * DeLtaTi lml)  * 2 

I ~ ' •  I [ *  1 

EL~ 

TINECOM • ASS( I l l  * SUM& * $l.IM2 ~ 2) / I lK  * ~ - ~ * SUN1)) 

TtlmConstlmtFoue¢l~ • -1 #Get to True 

Ek~l IF 

END IF 

ENO IF 

EMO IF 

END ZE 

NEXT SempZeN~ 

CLOSE 

CALL UP1 teModelToF| le  

LOCATE 15, 18 

PRINT USING •Time Co~ tan t  By Curve F i t t i n g  is MM.JI/ In 8e¢"; TIMECON 

1F PLungeX THEN 

LOCATE 16, I§ 

PRINT USING • T i l e  Cor~tant 8t 6 3 . ~  of Fir~{ VeLue |s fNM.4W## sec" I TIMEC1 
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EHO IF 

iF PturqleX ANO PAR • .3S THEN 

LOCATE 17, 15: PRINT " T i m  Constant not  found. F i t t i n g  d i d  not  converge.  

ELSE[F MOT plunge:[  AlSO PAR1 • .2 THEN 

LOCATE 17, 15: PRINT * 'T im Constant not  found. F i t t i n g  d i d  not  ¢or~erge.  

EIlO IF 

ENO 

w ........................................................................... 

Def ir leTest Psram 
t 

' Th is  sub rou t i ne  asks the  user  fo r  the r e m t n l n N  In fo  concern ing  the 

r t e s t .  
r 

f 

t Get the f i l m  fo r  Output 
e 

Answers • H 

VaL|dFiLoZ • FALSE 

LOCATE 2,  17: PEIRT ~ f l t e r  F I L m  fo r  OUtpUt (witha4Jt e x t e n s i o n ) "  

LOCATE 3,  36: PRINT SPACES(30) 

LCf, ATE 3,  ~ :  INPUT i :  m AItIW4HI 

IF LEid(Jblsvert;) • 0 AND IHSTR(ArlaWert;, N . )  • 0 THEM 

Vs l ldFILeX • TRUE 

IF |NSTR(Ansbler$, . . N )  , •  0 THEM 

Ftianame$ • MlDS{AnowerS, 1, IHSTN(AnswerS, n . . )  . 1) 

ELSIE 

FttonlmeS = A~swerS 

EIlO ]P 

EIIO IF 

LOOP UNTIL VeL ldF l tsX 

# F ind cxJt i f  i t  i s  LCSR or p lunge  
, 

LOCATE 6,  35: PRINT WType of TeSt n 

LOCATE 7, 36: PRINT e l )  LCSR" 

LOCATE 8,  36:  PRINT "2 )  PtunIW* 

LOCATIr 9.  36: PRINT m? e r 

V~LtdKey~ • FALSE 

DO UNTIL VatidKeyZ 

CALL GetKeyst rok4( Keyvs t X) 

IF ICeyVsLX • 49 OR KeyVsLX • 50 THEN 'A v a l i d  key vas h i t  

PtungeX = 0 

iF I(¢ryVaLX • SO THEN PLungeX • -1 

~LidK~'y~ = TRUE 

El~ IF 

LCX3P 

r 

t Put  up remmining op t i o r4  and i n i t i a l i z e  t h i n  
w 

G e l t s T i l l  • ,04 

N ~ t s X  = 1500 

StartT4mpt : 1201 

BathTeql)l = T~I 
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InmersoLen! • tOt 
LeninTestAresl • lOI 
Amppragel • 11 

T imOfApp i l co t l on l  • 5! 

LOCATE 12, 35: PRINT "Test Condi t ions" 
LOCATE 13, $: PRINT "Condt t |o~ ' :  LOCATE 13, 74: PRINT "Value j 
LOCATE l&,  $: PAINT " . . . . . . . . .  N: LOCATE l& ,  TJ: PRINT • . . . . . .  • 

LOCATE 15, 5: PNINT mTiaw ln t s rve |  (SIC) • 
LOCATE iS,  T3: PRINT USING "##.NVM"; OeltsTimel 

LOCATE 16r 5: PRINT .Nuw~oer of Samples. 
LOCATE 16, 73: PRINT USING " IW~NM~; NtJInPto~ 

LOCATE 17, 5: PRINT "S ta r t  T m r e t u r e  (F) # 
LOCATE 17, T~: PAINT USING • /M#oP;  StortTempl 

IF Plunge~ THEN 
LOCATE 18, S: PAINT "goth Temperature I F ) "  

LOCATE 
LOCATE 
LOCATE 

ELSE 
LOCATE 

LOCATE 
LOCATE 
LOCATE 
LOCATE 

LOCATE 

END IF 

18, TS: PAINT USING " dkM.d~; io thTImpl  
t9 ,  5: PRINT "9epth of [ m r s i ~  ( i nches ) .  
19, 73: PRINT USING N N . d I ~ ;  lmerseLenl  

18, 5: PRINT "#~)unt  of C~Jrrelt AppLied ( m ) "  
18, T~: PRINT USING n aM.##"; Ampermgel 
19, S: PAINT " T i m  Curr lmt is  App l ied  ( s i c )  I 
19, 73: PAINT USING " IN .# • ;  T imOfAppL ica t ion l  

20, 5: PAINT •Length in  Test Area ( Inches)  a 
20, TJ: PRINT USING " IM.dM~; LeninTestArtql l  

Load condi t lor ls  in to  s t r ings  for  e d i t i n g  

Tops • LTRINS(STRS(DeLtaTimel)) 

CALL Fo r~ l tS t r | ng~m(Tn~S,  3) 

RSET PorlmsS(1) • Tpp$ 
T l ~  • LTRiPA(STRS(N~IIPtSZ)) 
RSET Porams${2) • Tmp~ 

TIqD$ s LTRiMS(STRS(StsrtTmpl)) 

CALL FormatStr in~um(Tmp$. 1) 
RSET ParamsS(3) • Tq:4 
IF P|ungeX THEN 

Tmp6 • LTRINS(StRS(GethTempl)) 
CALL For~atStrtngNum(TmpS, t )  

RSET PsrimsS(&) = TmpS 
Tmp$ • LTRIMS(STRS(]mmerseLenl)) 

CALL FormetStringNums(Tmp$, 2) 
RSET P a r o S ( 5 )  • Tslp$ 

ELSE 
Tmp$ • LTRIMS(STRS(AmperlGel)) 
CALL fornmtStr|ngNums(Tml:4 , 2) 

RSET Per 'mS(&}  • TW:S 

T ~  • LTRlMS(STRS(TimeOfAppiicat|ofll)) 

CALL For'matStrtngNunls(Tl~, 1) 

RSET ParemS(S) • Tm$ 
Taps • LTRll4${STRS(LenInTestAreal)) 

CALL ForwatStringNums(Tnlp4, 2) 

RGET PeramrS(6) • Top4 

ENO IF 
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Put t ~  s L e g e n d  end p o s i t i o n  to  top o f  L i s t  

COLOR 1, 7: LOCATE 2S+ 27: PRINT . " + CHESt27) * CHNS(26) * * a ÷ CHESt2t); 

PRINT CRRS(25) * SPACES{SO) ÷ " F l s  Accept #; 

COLOR 1 r 7: LOCATE 1§, TS: PRINT PlrasmS(1)= COLOR T, 1 

LOCATE 15, TS, 1, 15, 13 

IF Ptunge~ THEN 

Nm~|~ • S 

ELSE 

NsxOIn~ • 6 

ENO IF 

OimPtrX • 1 

O i g i t P t r Z  • 6 

KeyVeLZ • 0 

MevVoLX • FALSE 

NeeclDecimLX • TRUE 

DO UNTIL KeyVeL *z s ~ 9  'Until F1 i S  h i t  

CALL GetKeyc: roke(ICeyv3 L ~) 

SELECT CASE I[eyVetX 

CASE 272 t Up l r r O v  m h i t  

seedDec iml~  • TIIN~ 

IF MevVeI~ THEM 

PsrmsS(O(n#tr%) • LTEINS(TmcNILS) 

MeuVst~ • FALSE 

TmpVm IS • " 

END IF 

COLO~ 7, 1: LOCATE 14 + OluPtrX,  TS: PRINT P l r a m l $ ( O | l ~ t r X )  

IF DilNPtr~l • | THEM 

OlmlPtrX • M l x O l l ~  

ELSE 

D i l ~ t r X  - O i ~ t r X  - 1 

ENO IF 

O t g | t P t r Z  • 6 
COLOR 1, ) ': LOCATE 14 + DtnPtrX,  ~ :  PRINT PermsS{DimPtrX) 

CCI~.OR 7,  I :  LOCATE 14 * DtePtrX, 78 

CASE 280 ' DO~ e r r o N  Mils h | t  

Me~IDeci lL~i  • TIUE 

]F HeuVet~ TNEH 

Psran lsS(Ot# t r l l )  • LTEIHS(TempVeL$) 

NevVsLX • FALSE 

TmpVmLS • " N 

ENO IF 

COLON 7, 1: LOCATE 14 ÷ DimPtrZ, TJ: PRINT Perlul lsS(O+l~tr~) 

IF DiaPt r~ • NaxDIIKt THEN 

O t ~ t r X  • I 

ELSE 

OiePtrX • OimPtrX + 1 

ENO IF 

O i g i t P t r Z  • 6 

COt.OR 1, 7:  LOCATE 14 + D i ~ t r X ,  T3: PRINT PmrmS(Oie~t r lC)  

COLOR 7,  1: LOCATE 14 + D | l P t r Z ,  

CASE 275 ' L e f t  e r rou  was h i t  

IF MOT NeuNeLX TNEN 

Me<WelX z TRUE 
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T mqoVll t $ • " 

LOCATE 14 ÷ DiaPtrX,  73: PSIHT " a;  

LOCATE 14 • D inPt r~ ,  T3 

D | g l t P t r X  • 1 

ENO IF 

IF D i g t t P t r X  • 1 THEN 

O t g i t P t r X  • 1 

ELSE 

O i g i t P t r ] l  • D i g i t P t r X  - | 

END iF 

LOCATE 1l* * D i n ~ t r ~  72 * OJg i tP t r~  

CASE 2?7 ~Night a r rc~  ues h i t  

IF HOT Ne~WaLZ THEN 

Her~/aLX * TRUE 

TmI)V*LS - • • 

LOCATE l& * OinPtrX,  7"3= PNINT • a; 

LOCATE l& 4 O i i ~ t r ~ ,  73 

O i g i t P : r Z  • 1 

END IF 

IF OlSl l :Pt rX • 6 THEN 

O i g i t P t r X  • 6 

ELSE 

D t g i t P t r ~  • D i g i t P t r X  • 1 

END ]F  

LOCATE l& ÷ OJmPtrX. 72 • Otgtt/~t i"~ 

CASE 4 jt TO 57 'A r u d e r  yes h i t  

ZF NOT NeuViltZ THEN 

MetdVatX : TRUE 

TwpVaLS • u • 

LOCATE 14 • O t f t r g ,  73: PRINT v ~; 

LOGtTE 14 ÷ O i ~ t r ~ ,  73 

9 | 9 i t P t r Z  • I 

END IF 

NlOS(TempVoLS, O i g i t P t r X .  1) • CHRS(KeyVaLg) 

COLOR 1, 7: LOCATE 14 * 9iRlPtr~, TS: PE~HT TempVstS 

COLOR 7, I 

IF OigitPtrZ = 6 THEN 

DigitPtr~ • 6 
ELSE 

D i g t t P t r ~  • D ig i~Pt rX  + 1 

END IF 

LOCATE 14 ÷ OInPtrX,  72 + O i g i t P t r X  

CASE 46 'Decimal p o i n t  was h i t  

IF NOT NevYaLX THEH 

No~VIIIZ • TRUE 

Te~4:Ve;S x . 

LOCATE 14 + DIIHPtrT,, TS: PRINT • • ;  

LOCATE 14 ÷ DiePtrX, 73 

O I g i t P t r g  = 1 

END IF 

iF Nem:lOecinm| */ THEN 

NeedDecipMot~ = FALSE 

MIDStTemp¥|tS, O ig i tP t r~ i ,  1) • CNRS(I(eyVaLX) 

COLOit 1, 7: LOCATE 14 + DimPtrX, 7"5: PRINt" I'empVaL$ 

COLOR 7, 1 

1F 9 1 9 i t P t r g  " 6 THEN 

D l g i t P t r Z  = 6 
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ELSE 
O|o| tPtr% • O|Oi tPtrZ + 1 

ENO 1F 
LOCATE 14 + OImPtrZ, 72 + O t g t t P t f ~  

ENO IF 

CASE ELSE 

J Ignore eLL e ther  keys 
# 

EHO SELECT 
LOOP 

a 

' Nov put the a l t e red  nu l l~ l rs  beck In te  t h e i r  proper ver tebtex.  
e 

DeLtaTimel • VAL(Par~IsS(1)) 

NumPtsX • VAL(Per~qI$(2}} 
StartTeqDi • VAL{PDrmuS(3)) 

I f  PiunseX THEN 
~thTempt  • VAL(Pmrm$(&)}  
I m r s e L e n l  • VAL(Permm$($}) 

ELSE 
m r • g e l  • VAL(P•rBmS(&)) 
T |mOfApp i l c • t4on l  • VAL(PmramS(S)) 

L4mlnTextAreal • VAL(PoremsE(6)) 

END iF 

CLE 

ENO U 

a ............................................................................ 

SUB Err•ritES (¢mLLN ' ' ' ~ ,  IERR%) 

ENO SUB 

a ............................................................................ 

SUE FerlmtStrlr~la~ms (VaLueS, NuIPtecesZ) 

* This subrout ine m i t t  f i xed  form)t  the nueber In Vmlue$ te Ika~tacesX 

J dec lmL p L i e s  IW f iLL ing  mith ex t ra  zeroes. 

DecLocX • INSTR(VaL~m$, " . " )  
IF DecLocX • 0 THEN 

Values • VoLueS + " . "  + STntXGS(Nu~t~es%, "0" )  

ELSE 
Values • YmlumS • STEINGS(NulPIacesX - {LEN(VslueS) - O@cLocZ), "0 u) 

END IF 

END SUB 

r ............................................................................ 

SUe GetKeystroke (KeyVml%) 

This ~ l n e  uses the INI(EY$ func t ion  to  Set • keystroke f r m l  the 

keyboerd, i f  the key •ends an extended code, 20G m i l l  be added to 
I(eyYoLS, Refer to ~pend tx  A.1 of the OuickEASiC Reference Nlmu41 fer  

• c~lpLete L is t  ef scen codes. 
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Answers • [HKEYS 

DO UHILE LENCJUlS~er$) - 0 
Jb~s~ertl • IKEY$ 

LOOP 

IF LEM(Ans~e~) : 2 THEM 
MeyVatg - ASCIRIGMT$(Ans~erS, 1)) ÷ 200 

ELSE 
KeyVat~ • ASC(AnswerS) 

END IF 

END SU8 

w ............................................................................ 

SUB PLotTrmnl ien:  (Oevi¢-nr |vermu~S, Oevice~lemS, X I ( ) ,  T l ( ) )  

This stJ:rc*dtine sets t4~ the oxss and LId)eLs for  • t ranatent  pLOt and 
g ~ e t e s  the trarNLie/lt curw l .  Other r c ~ t i ~ s m u s t  be ca| |ed to i(:kJ 

t r i k~ fcmts  ~ ~ the craph. 

This subrout |ne rt~lU|rss L inking wi th  the r-~GGRAF.LIE L ibrary in  order 

tO ta l l  t he  g r a p h i n g  r ~ a t i r ~ l  tha t  i r e  caLLed.  

i 

r I n i t | a L + z a t | ~  s e ~ r ~ e  
i 

*CALL LoadOr i ve r (DevJce l i ~ r i va rS ,  IERR~) 

IF ]ERR~ < 0 THEM 
CALL ErrorMso{1, IERR~) 
EMIT SUB 

EMD IF  

*CALL Ini tPlot(OeviceMemlS, O, |EM~) 

IF IERR~ • 0 THEM 

CALL ErrorHIO(2 r IEMRZ) 
EXIT  SUB 

EMD IF 

'CALL Sta r tP lo t (O,  IERR~) 
IF iERXX < 0 THEM 

CALL ErrorMsg(3, IERRg) 

E X I T  SUB 

EMO IF 

+ 

r Set the I+ze of the p l o t t | n g  i rea b ig  enough to  w r i t e  the [ l~ :e [ i  

*CALL setvlet4x)r t(O , Oi, 01+ l i e  11) 
aCJ~LL setviet#Dort(O, .15, .062S, .9S, .a lZ5) *or•st i rs I n  8"x6 m p l o t  area 

EHO SUO 

i ............................................................................ 

U SeLectMemtXfer 
a 
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* This subroutine aLLoy the user to define the hast transfer values 

* for the vlrtous r e g l ~  of the tharlwx:oupte 
a 

a 

' Define so l ,  of the str ings for vsrtou4 areas 
m 

Junctlcm$ : CHRS(174) * C~RS(17~) * CNAS(1Z9) 
Area2$ - CHR$(198) + STRINGS(I&. 205) 

Area3$ - CHItS(Z16) * STRINGS(Z9. 20S) 

Area4$ : CMlt$(181) * STRINGS(?. 196) 
$ tock$•  STRINGS(GF 177) 

r 

' PUt up dtpRrm of themocoupie 
t 

LOCAT[ 2. 12: PRINT CHRS(I~'9): LOCATe 2, 15: PRINT CMS(17Q) 
LCCAT jr 2. ~0: PRINT C1~S(179): LOCATIr 2. 00: PRINT CNltS(17~) 

LOCATE 2. M :  PRINT | locks 

LOCATE 3, 12: PRINT CNflS(179) + " / •  + Area2S ÷ Area3S + Areas + BLockS 

LOCATE 3, 70: PRINT CHR$(170) + CHRS(176) 

LOCATE 4 r 12: PRINT CNRS(179) * CHRS(47): LOCATE 4. 15: PRINT CHR$(179) 

LOCATE 4. 30: PRINT CHitS{179): LOCATE 4. 60: PRINT CHN$(179) 

LOCATE 4. 68: PRINT BLockS 

LOCATE St 10: PRINT Jur~tionS: LOCATE 5. IS: PRINT CHR${179) 
LOCATE $. 30: PRINT CHR$(I~): LOCATE 3. 60: PRINT Ck~S(179) 

LOCATE 6. 12: PRINT ¢HN$(179) ÷ CNJ$(92): LOCATE 6. 1$: PRINT CHRS(179) 
LOCATE 6. 30: PRINT CNRS(179): LOCATE 6, 60: PRINT CNIt$(179) 

LOCATE 6, 68: PRINT Brooks 

LOCATE 7. 12: PRINT CNn(17Q) + • ~" ÷ Ares2$ + Area3$ ÷ Ares6, + Stocks 

LOCATE 7. 70: PRINT CHRS(176) ÷ CHRS(176) 

LCCATE 8. 12: I~INT CHN$(179): LOCATE 8. 1S: PRINT CNRS(179) 

LCCAT I: 8. ~ :  PRINT CNN$(179): LOCATE 8. 60: PRINT CNIt$(17~) 

LOCATE 8. 68: PRINT Blocks 

LOCATE 8, 3: PRINT "Junc:ion": LOCATE 8, 23: PRINT •Area 2" 

LOCATE 8, & l :  PRINT "Area $•: LOCATE 8, 61: PRINT "Area 4" 

LOCATE 9. 11: PRINT •Area 1" 
LOCATE 11, 30: PRINT "Neat Tramsfer RPRi©.'~4" 

# 

a Nov put UP the verlaus heat transfer coeff ic ients along with 

m descriptions of each area 
a 

LOCATE 12. S: PRINT mR,gee,a: LOCATE 12. 73: PRINT "VaLusa 

LOCATE 13. §: PRINT • . . . . . .  a: LOCATE 13~ T~: PRINT u . . . . . . .  n 

LOCATE 14, 5: PRINT wJL~Ctiafl (Region of the ~etd)" 
LOCATE 15. $: PRINT mArea 1 (exposed , | r e  next to junct ion) m 

LOCATE 16. 5: PRINT "Area 2 (Insulated wire inside the test area) n 

LOCATE 17. S: PRINT "Area 3 (Insuimted wire mJteide the test area) n 
LOCATE 18. S: PRINT SAree & (exposed wire next to reference Junction) • 

LOCATE 19, 23: PRINT CHR$(201) + STRINGS(3&, 205) + CHA$(187) 
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LOCATE 20, 23: PRINT CHRS(186); T ) ~ ( ~ ) ;  "Typ ica l  VuLuu" ;  TAD(58); CHR$(186) 
LOCATE Z l ,  :IX: PRINT CHR$(186); " A4ra; TAR(SO); " 1-5 m; CHRS(I~) 

LOCATE 22, 23 
PRINT CHRS(186); • Fie)dinE A i r " ;  TAg(SO); • 2-100 m; C~tS(1J~) 

LOCATE 2 ] .  23 
PRINT CHR${186); " FqcrdJng Uatero; TAB{SO); "20°3000 . ;  CNRS(IM| 
LOCATE 24, 23: PRINT CNR$(200) • STRINGS(34, 205) ÷ CHH(1M) ;  

r 

' S tu f f  i f l | t | a l  vaLues i n t o  the vor|~JS mreea and put them ael the s~reen. 

JunctiorMTI • 40 
ArealHTI • 40 
Area2NTI • 40 

Area3NTI • 5 

Are~HTt • S 

TempS(l) • LTRIMS(STES(Junct|CrdtTi}) 

Talp$(2) • LTRINS(STRS(AremlHTF)) 

Tmp$(3) • LTRLN$(STRS(Aroe2NTI}) 
Teq~$(4) • LTRIM${STRS(Arpa3HTI)) 

TemllJ($) • LTRIMS(STRS{Aree~HTI)) 

FOR I • 1 TO 5 
IF INSTR(Tup$(1). • . a )  • 0 THEN 

TImp$(I) • Tmq~6(|) ¢" • . 0  • 
END iF 
DeCI.ocZ • INSTR(Tem~(I)f . u )  
RS~ET HeatxferS( l )  • M I D S { T u ~ ( i ) ,  le DeCLOCX + 1) 

LOCATE 13 + I ,  72: PRINT Ne l tX f l rS(1)  

NEXT I 

w 

' Put UP • Leglnd amd i ~ t t ~ o n  to top of L i s t  

COLOR 1, 7: LOCATE 25, 27: PRINT " • + CH1~S(27) ÷ CHR$(26) ÷ • • ÷ CHRS(24); 

PRINT CHNS(L~) • SPACES(IO) + "F I •  Accept " ;  
COLOR I ,  7: LOCATE 14, 7'2= PRINT NeatXfor$(1): COt.OR 7, 1 

LOCATE 14, 78, 1, 15, 13 

DinPtrX • I 

D i g | t P t r ~  • 7 

g e y V l l g  • 0 

Me~/mlg • FALSE 
NeedOecimtg . TRUE 

DO UNTIL KeyVsLX • 259 *Un t i l  F1 iS h i t  

CALL Get geyst roke(KeyVii Lg) 

SELECT CASE geyVsiX 
CASE 27'2 e Up a r r ~  ~ h i t  

U ~ K I D ~ i m m t ~  • TRUE 

iF Ne~'VIILT. THEN 
HeltXferS(oimPtrg) • LTRIM${TempVaL$) 

Ne.,WILX • FALSE 
TeqWei$ • " m 

Ek~ IF  
COLOR 7# 1: LOCATE 13 + DimPtrg, 72: PRINT NeetXfer${O|l/Ptrg) 

IF OImPtr~( • 1 THEN 

Oimetr~ • $ 

ELSE 
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DimPtrX • OimPtrX * 1 

END IF 

O i g l t P t r X  : 7 

COLON 1, 7: LOCATE 13 4' O|mPtrX, 72: PRINT ReatXferS(DlaPtr~)  

C~.CR 7, 1: LOCATE 13 ÷ Otm~trg,  78 

CASE 280 ' Ooun Irrok+ kmlS h i t  

NeedDeciwLX = TRUE 

IF NeWVllZ THEN 

NeotXfIrS(DIIM)tPX) • LTNIH$(TcmFWe|S) 

N M I I Z  • FALSE 

TMIpVeI$ • • 

ENO IF 

COLOR 7, 1; LOCATE 13 + D l ~ t r g ,  72: PRINT Heetx ferS(Dt l~ t r "¢)  

IF O | ~ t r X  • S THEN 

O411Ptrg • 1 

ELSE 

OtINPtrZ • D inPt r~  • 1 

END IF 

D iE I tP t rZ  • 7 

COLON 1, 7: LOCA'E 13 • D h ~ t r X ,  72: PRINT Hu tX fe rS (D iaP t rX )  

COLOIt 7, I :  LOCATE 13 ÷ OiaPtrX,  ?8 

CASE 275 ' L e f t  er rc~ yes h i t  

IF NOT Ih~WeLX THEN 

NevVaLX • TRUE 

TImlWaLS • " • 

LOCATE 13 ", O | ~ t r X p  72: PRINT n n ;  

LOCATE 13 + D iaPt r l i ,  72 

O i g | t P t r Z  • 1 

ERO I f  

IF D |B | tP t r~  • 1 THEN 

D i g t t P t r g  • 1 

ELSE 

D l g l t P t r Z  - O l g i t P t r ~  " 1 

EHO IF 

LOCATE 13 + DIIMPtrX, 71 + D | g i t P t r X  

CASE 277 *Right  e r r ~  ~ s  h i t  

IF NOT l letNatg THEN 

NevVat~C : TRUE 

TempVatS - • 

LOCATE 13 * DImPtrX, 72: PRINT • ~; 

LOCATE 13 • DinlPtrg, 72 

O ig i tP t rX  = 1 

END IF 

I f  O l g i t P t r ~  • 7 THEN 

O i g l t P t r 2  • 7 

ELSE 

D i g | t P t r ~  • D l g i t P t r X  ÷ 1 

ENO IF 

LOCATE 13 * D|nPtrX,  7t  * O l g f t P t r  "L 

CASE &8 TO $7 'A rpJber  uas h i t  

IF NOT NeuVml~ THEN 

Ni,'~WoLg • TRUE 

TImWltS x • 

LOCATE 13 * O|mt~trg, T~: PRINT • u;  

LOCATE 13 ÷ O|mPtrX, 72 

O i g l t P t r ~  • 1 
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END IF 
N I O S ( T ~ I L S ,  D Ig i tP t rX ,  1) • CHRS(KeyVeLX) 
COLOR 1. 7: L ~ T E  13 ÷ OimPtrX, 72: PRINT Teq~VoLS 

COLOR 7, I 

iF O i g i t P t r l  • 7 THEN 
O i g i t P t r Z  • 7 

ELSE 
D i g i t P t r X  • Oiof tPt r •  + 1 

END IF 
LOCATE 13 • OimPtrX, )'I ÷ O lo t tP t rX  

CASE 46 rDeciomi po in t  vies h i t  
IF NOT NeVVItX THEN 

Nm~VelX • TRUE 

TupVo iS • " 
LOCATE 13 ÷ DlmPtrZ, 72: PRINT " m; 

LOCATE 13 + DImPtrX, 72 

CoisitPtrX • | 

END IF 
IF Nne¢lOeciml~ THEN 

NeedDeciomtX • FALSE 

MIOS(TompVsiS, Oioi tPtr%, 1) • CARSiKeyVeL~) 

COLOR I ,  7: LOCATE 13 ÷ OtwPtr% 72: PRINT TompVet$ 

SOLON 7, 1 

IF D i g l t P t r X  • 7 THEN 
D i g i t P t r Z  • 7 

ELSE 
O l g i t P t r ~  • O ig t tP t rX  + 1 

END IF 
t.OCATE 13 + OimPtrX, )'1 * O ig l tP t r '~  

END IF 
CASE ELSE 

' Ignore aLL other  keys 
# 

END SELECT 

LOG~ 

JunctionNT! : VAL(HeatxforS(1)) 

ArselNTI • YALCHeetXfsrS(2)) 

Area2HT! : VAL(HeetXferS(])) 
Arel~HT! • VAL(HeetXferS(4)) 

Ares&NT! • VAL(HeetXferS{S)) 

CLE 

END SUe 

r ............................................................................ 

u ~ t ~ t ~ o ~ t  

This subrout ine e i t M  the user to select  the correct  set o~ proper t ies  
fo r  each of the metals used to  rake up • thermocouple type by se lec t ing  
the des i red thermocouplo type. These procer t ies I re  thermal cordJc l~ lv t ty  

(E},  spec | f i c  he i r  (Cp), dens i t y  {Nho), and r s l t s t t v | t y .  Thei r  values 
sere ext racted f ras  at1 ASTN tab le  for  theriaoelament mater ie ls .  The un i t s  

used In  t h i s  program for  these pro~er t ius  sre Listed beLov arid inc lude 

the conversion fac tors  to  convert from ASTN un i t s .  
Conversion 
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Property  Progrlm Uf l t t |  AgTM Unite Factor 
......................................... 

K |TU- f t l h r -  f t ' 2 -  F same IVo 
Cp ITU/tbm-F cat /g-C 1.0 
Itho t b / f t ' 3  Lb / tn '3  1728.0 

res i s t  ohm-in ~m-cpt 0.3937 

f 

r 

t Put up s e l e c t i o n  
; 

COLOR ?p 1 : CLS 

LOCATE 3, ZT': PStlNT ~e l .ec t  Thersocm4Dte Type m 

LOCATE 4, 34: PRIIIT n l .  Type J# 

LOCATE S, ~ :  PRINT =2. Type K # 

LOCATE 6r 3&: PRZliT m3. Type |*' 
LOCATE 7, 3&: PRINT "4. Type T" 

LOCATE 9, 32: PIIIIIT ml[nte*" Choice:n; 

YlLIdChotce~ • FALSIE 

'tO UNTIL Ve t tdCho tcd  

/ ~ s ~ r S  • llil[EY$ 

O0 I~ILE Ll=N(Answ~rS) • 0 
Ans~,erS., ZKI[¥S 

LOOP 
IF VAL(Ans~rS) >n 1 NlO VAL(Ansver$) <x 4 THEN 

LOCATE 9, 46: PRINT Answers 

Vi l tdChotcoZ - TIUJE 
TCTypeX • VAL(Anm~er$) 

ELSE 
LOCATE 11, 20: Fl iNT "Not I vo l t d  Im iec t ton .  P l l l S l  t l ' y  O i l f n . n ;  

J 

r NOV put  the l i t te red  rluId~fs beck i n t o  t h e i r  

FOR I - 1 TO 1 0 ( ~ 0 :  NEXT 1 

LO~tTE 11, 20: PRINT SPACES(SO) 

EI~ IF 

L ~ '  
r 

' For nov, l le usume the i nsu la t i on  is the lamw for  e l l  ty!~m 
t 

I { I r i l u t i  - .15 

Cpinsut!  • .3 
llho~n6uLI • 801 
ZrmuLThickl " .015625 '1164 i n c h  

r 

r Get the cor rec t  sot of prcq:4rt i lm for  the selected themocoup|a 
r 

SELECT CASE AnsuerS 

CASE "1 = 'Type d 
KPmii - 39.2 

CpPos! • .107 
IlhoPOs! • .28& * 17"~1 
RosPo~/ • 9.67000(XXXIOOOOOID'06 1. .393'r 

I m q !  • 12.2 
Cpiegl • .094 

RhOlSagl • .322 ,r !?')8i 
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NeSNeRm • .0000489 * . 3 9 3 7  

CASE • 2  • 'Type I( 

NP<ml! = 11.1 

t i r o s !  • .107 

RhOPOI!  • .315 * 17281 

NeuPoa# - .00007'06 * .3937 

ICNeg! • 17.2 

eta•SIll • .125 

NhoMeRI = .311 * t728! 

I t e s M e g l  • . 0 ( X 3 0 2 9 4  * .3937 

CASE "3"  'Type [ 

ePo~l • 11.1 

CI:L+CXll • .107 

RhcPOSl • .315 * 1728! 

ResPos# • . 0 0 0 0 7 0 6  " .3q37 

NNIlil • 12+2 

CpMegl • . 0 ~  

! lhoMql  • .322 • 13'281 

NesMeglll • . 0 0 0 0 4 8 9  * .3937 

CASE +"&" 'TYPe T 

KPOSl • 218! 

Cl~OSl • . 0 9 2  

NhoPosl - .322 * 1728! 

N ~ o s #  - .00(X30172~41 * .3937 

C ~ e g l  , 12.2 

Ct~Iollq • .094 

Nho~egl • ,322 * 1?2.81 

RqmMeg# • . 0000~9  * .3937 

RNO SILECT 

EMO U 

e ............................................................................ 

SUB TCOtmr t  ions 

Th is  sUbr¢ut tne  s l t o ~ l  the u l e r  1:o do f tne  the d i m n l t o n l l  of the  

thermocoupte to N modeled, 

Put up the  d l l m l s i o n  opt ions 

LOCATE 13, 29: PRINT -Thernmcoupte O i m i o n s "  

LOCATE l& ,  S: PRINT aOllwrmtOff*: LOCATE 14, 72: PRINT mVetuen 

LOCATE 15, 5: PRINT • . . . . . . . . .  m: LOCATE 1S, 70: PRINT • . . . . . . . . .  m 

LOCATE 16 ,  5:  PRINT mToteL LIl~gCh Of T h e ~ o u p t s  l ~ ¢ | ~ l J n g  ExtlmSlOn U i res  n,; 

PRINT " ( I n c h e s ) "  

LOCATE 17, S: PRINT •Length of Sere Wire Next t o  Junc t i on  { i n c h • s ) .  

LOCATE 18, S: PRINT "Length of l iars V | re  Next to  Rofer lmce Junct|o+l ( ] n c h e $ ) "  

19~ §: PRINT ~+DI Imt l r  Of Y ice  ExcLuding I n s u t i t i o n  ( I n c h e s ) "  

20, S: PRINT " O | l m t e r  of  Junc t |on  ( i nches )  • 

LOCATE 

LC~tTE 

t 

t Put  up the d e f l u L t $  
+ 

A rss l Len l  • .03125 

Ares4Liml = .5 
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TotaLLenl - 96 
V | r i O l m l  • .OO& 
Junct lorOIov l  • .012S 

COLOR I 0 T: LOCATE 16, 70: PRINT USING #INM.IIkI~W~; Tota [Len l :  COLOR 7, 1 

LOCATE 17, 71): PRINT USIUG "~I~M.##IMI~; ArINI1LI~I 
LOCATE 18, 70: PRINT USING " I k W / . W ;  A r e l i L i n l  

LOCATR 19,  70:  PRINT USING .IMM.IMMMdlU; W f r l O i i l  
LOCATE 20, 70: PNIMT USING .R44.#IWdlP; Junc t |c l lD i ln !  

* Put tAD I tagen¢l ~ pos i t i on  to top of  t | S t  

CO(.OR I ,  7': LOCATE ~J+ 27: PSIMT • • * CHItS(:PT) * CNRS(26) +- • • + CXRS(2&); 

PRINT CNNS(2S) ,t. SPACE$(IO) *" -p1.  / t e l : o p t  " ;  : COLOR ?',  | 

LOCATE 16, 78, I ,  15, 1] ' pOs i t i on  cursor to  top  of L is t  

r 

' NoV Let them customize the d | m i m ~  
r 

VatStr |ng$ • LTIIIM$(STSR(To'okLInl)) 
CALL For l i tSt rJng~JM(VetSt i ' ing$+ 5) 
NSET TCO|ms$(1} • VaIStr ing$ 

V l IS t r i neS  • LTS]MS(STR$(AreetLImt)) 

CALL FormtSt r |ng lkas(VmtSt r insS,  S) 

RSET TCOimS(2) • Vi i |Str ingS 

Vl l tStr l r~ lS • LTlllIMS(STRS(ArelALInl)) 

PALL Fo~tStr | rq lM~am(VatStr | r~ lS,  S) 

RSET TCOilm$(3) • V lL l t r i nN$  

Y l [ $ t r t l ~  • LTR[MS(STRS(VJrIOtIlel)) 

PALL FonMtStPingfl~am(VaLStr|nGS, 5) 

RSET TCO|msS(&) • V l tS t r l ngS  

VatStr tngS • LTNIXS(STllS(Junct|mlDiam)) 

CALL Fonl tStrJr41iumi(VaLStr ingS, $) 

RSET TCDtovS(S) • V l l t R t r i l ~  

OlmPtr~ • 1 
O |g | tP t rE  • 9 

ICeyVeIX • 0 

MO',WIIX • FALSE 
N l 4 1 d l ) e c i l m t Z  • TRUE 

DO UNTIL KeyVIIX • 259 ' U n t i t  F1 Is h i t  

CALl. GetKeys t Poke{ KeyVI IX) 

SELECT CASE I(eyvatX 
CASE 2T~ e Up arrov MIlS h i t  

MeeclDsoimlLX • TRUE 

IF Me~t~lX DIEM 
TCOtmsS(DinPtr~;) • LTRII4S(TIIqMtlILS) 

MImVIIX • FALSE 
TlmpVO IS • • t+ 

EMO IF 
COLOR 7, 1: LOCATE 15 * D t lP t rZ ,  ~0: PRINT TCOtlmS(Dhft rZ)  

IF Dim+It% • 1 I r ~ i  

Ole f t rZ  • S 
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ELSE 
OiaPtr~ • D iaPt r~  - 1 

EMO IF 

D i g i t P t r X  • 9 
COLCm I ,  7: LOCATE t5 ÷ Di l /Dt rX,  70: PtIIMT TCDtmS(Ot~ t rX )  

COLOIt 7+ 1: LOCATE 15 + DilNPtrX, 78 

CASE 280 ' Down ar rou m h i t  

N ~ c i m L X  • TRUE 

IF HewVmLZ THEN 

TC~ims$(OinPtr~) • LTE]HS(TompVaLS) 

NevVoLX • FALSE 

TmIWaL$ • " • 

END tF 
COLON T+ 1: LOCATE I$ • D i l lP t rZ ,  TO: PRINT TC~O|m${OlllPtrZ) 

IF Oi lP t r '~  = § THEN 

D i n P t r X  : I 

ELSE 

O l w P t r g  - O i n P t r g  + 1 

END IF 

D i g i t P t r ~  • 9 
CCLOR I ,  T: LOCATE 15 + OJJltPtrZj 710: PRINT TrnimmS{DimPtr~) 

COLGt ?, I :  LOCATE 15 ÷ Ol~Pt rZ,  78 

CASE 27~ aLi i f t  i r r O l , l  ~ h i t  

I F  NOT MIII,NIILg THEM 

NeI~VIL~ • TRUE 
T~I~SLS • • N 

LOCATE 15 • OimPtrZ, 69: PRINT " s ;  

LOCATE 15 + D i ~ t r ' ~ ,  69 

D t g i t P t r X  • 1 

SMO IF 

IF O i g i t P t r Z  • I THEM 

D I g i t P t r Z  - 1 

ELSE 

Dtg i tPt r~(  • D i g i t P t r X  - I 

EMO IF 

LOCATE 1§ + O t # t r ~ ,  69 + O i g i t P t l ~  

CASE 2 7 7  r f l i gh t  I r r O ~  MIlS h i t  

IF MOT Me~/ILX THEN 

Me,Xlhlt% • TRUE 

tempvatS - • 

LOCATE 15 "+' OlaPtrZ,  69: PRINT " " ;  

LOCATE 15 + OlmPtr~, 69 

O i o i t P t r Z  • I 

EMO [F 

IF O i g i t P t r X  • 9 THEN 

D t g i t P t r X  • 9 

ELSE 
O l g l t P t r Z  • O t g t t P t r  a~ + 1 

ENO IF 

LOCATE 1S ÷ OialPtrZ, 69 ÷ O l g t t P t r Z  

CASE 48 TO 5 7  *A rsmber kin• h i t  

IF HOT liewVBI~ THEN 

NeklVll(~,  • TRUE 

teglpVI IS • " • 

LOCATE 15 + Ot l lPt r~,  70: PIIIMT • " ;  

LOCATE 15 -" Oj l l~ t rX,  70 
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Oig i tP t rX  • | 

EHO IF 
HIDS(TmqWoLS, D ig i tP t rX ,  1) • CHRS(I(eyVJiX) 
COLOR I ,  7 :  LOCATE 15 * OtalPtrX, 70: PRINT TimpV•L$ 

CCCal 7, 1 
|F D |g i tP t rX  • 9 THEN 

D Ig l tP t rX  • 9 

ELSE 
O i g i t P t r ~  • O lg i tP t rX  ÷ I 

|k~ IF 
LOCATE 15 • DlMPtrXr 69 ÷ D|gil;Ptr'Z 

CASE 46 *OOCtmt po in t  ~ h i t  
IF NOT Ne~W•I~ THEN 

NetdVoiX • TIKJE 

Teml~etS • • • 
LOCATE 15 * OimPtr~, 70: PRINT " • ;  

LOCATE 15 + Otnd)trX, 70 

OigttP~CrZ • I 

ENO IF 
|F NcmdDe¢:immtX TFEM 

Ne4KIDesiesLZ • FALSE 
HIDS(TOnpVoLSj D lg i tP t r~ l ,  1) = CHES{KeyVsLZ) 
COLOR 1, 7: LOCATE 15 + O t ~ t r  I~, 71): PRINT TeqW•L$ 

COLOR 7, 1 

IF Olg l tP t r '~  • 9 THEM 

DIg i tP t rX  • 9 

ELSE 
O ig l tP t rX  • O i | l t P t r X  + 1 

ENO IF 
LOCATE I§ • DisPtr~f  09 ', Otg t tPt l '~  

SIlO IF 

ELSE 
e 

e l l rK l . r l  i L l  o ther  teym 

ENO SELECT 
LOOP 

i 

r NOV put  the s i t • r e d  ntad~t~ beck i n to  ~hoi r  proper var iab les .  

TotoLLenl • VAL(TCOIatk¢;(1)) 
ArealLonl • VAL(TC�tmS$(2)) 

A?eaOLen! • V&L(TCOllmS(])) 

W|reOtaml • VAL(TCOimS(A)) 
JurcttC~lDim! • VAL(TCOIaSS(S)) 

CLS 

EXO SUe 

Wrlt~tT~ILe 
# 

This s u b r o u t i n e w l t e s  a i r  of the use rse tex tec lpa rmmters  fo r  the dora 

* to • f | l e  t ha t  corresponds to  to the data f i l e .  Dot• fores ~ the 

* extension .DAT and modeL f i l e s  have the • x t e n s i m  .MOL 
a 
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OPRN F l t l r m . l l 6  + •.MOL • FOIl OUTPUT AR i l  

PRINT i l ,  TNI( I$) ;  • T h | l  | n f o rm l t i on  VIS Ul41d tO I+r£1uLItl | h i • ;  

IF PlungaX THEM 
PRINT 11, • plul~ia t i l t  • 

ELSE 
PRINT #I. • LCSE t e l |  x 

EMO IF 
PRINT I l l ,  TAN(30); .fmJnd |n i ;  UCAS4[S(F|Llnile$); ".OAT" 

PRINT t1+ : PRINT I I ,  

IF TCTyll3eX • I THEM 
Types - " J •  
P~41/4etl[$ • • I r on  n 

141gl4ltatS - "Col l l ton ta r l  u 

SLSEIF TCTypeX • 2 THEN 
Types • •R- 

Pos/4etaL$ - " C h r ( I m I "  

l l a M a | l i e  : • A L ~ L  • 

ELSEIF l C I y p ~  = 3 THEM 
Types • *'I[** 
Po~Neta|S • •ChrOmlt" 
NeSd4ttot$ • "Cc+l l tonta~ I 

ELSE|f TCTyI~X • 4 THEM 

Types - "T" 

P<)41MItlI|$ - "¢qplQer a 

l l g l l a t l i S  • • ~ t l l l t a l l  u 
ELm IF 
PRINT 11, 

PRINT |1 ,  
PNIUT 11+ 
PRIMT I1 ,  
PRIMT t l ,  
PRINT I1,  
PR|NT 11 r 
PRINT 11, 
PRINT I1 ,  
PRINT #1, 
PRINT RI, 
PRINT I1,  
PRINT #1, 
PRIUT t i ,  
PRINT 
PRINT 
PR|MT 

PRINT 11p 
PRINT 11, 
PRINT I1 ,  
PRIMT #1. 
PRINT #I ,  
PRINT 11+ 

PRIUT 11, 
PRINT N1, 
PRINT #1. 
PRINT 11o 
PRINT 11, 
PRIUT #1, 
PR|MT #1, 

TAB(30); •Therlmcoup4e Type: • ;  T y p d  

| PIIINT 11, 
TAII(?.5); •Physical  P r c ~ l r t i e l  of  ThePnoetelmnts • 

" Physical  P rop l r tY " I  TAI(ZS); Po i / 4 l t l lS ;  TAB(40); 
Megl4etalS; THB(§5); " I n i t i a t i o n "  
• . . . . . . . . . . . . . . . . . . .  • ;  TAB(2§); STRINGS(LEN(PoII4ItlLS), " ' " ) ;  

TNi(40] ;  STR|MGS(LEM(MIRI4etoL$), • - • ) ;  TAB(5S); • . . . . . . . . . .  " 

" T h e • i t  f~mduct|vityaI TNi(~"~); 
USING •/I#R./4t N~tl. 1tl 

xS(0ec|f|c Neat"; TAD(IS); 
U~; IMO "N. i l l l  III. I I#I~  

"Oer~ | ty " ;  TM(2S);  

#1, USING " / M ~ . #  I I ~ . A  
# I ,  ' ~ tos is t i v i ! : y • ;  TNI(25); 
11, USING " / I . # 1 ~  I I .N i I /M#I t l  

I I~t l . lW"; RPOl l ,  K l l q l ,  [|NIuLI 

I . / IN I /~ ;  Cl:POel, £pNOgl. C4)Insu(I  

fNNN/,P; RhoPOSl, RhOKeRI, R h o l r ~ ( I  

n / a • ;  ResPoldl, AesMeg/ 

: PRINT #1, 
TAIl(32); neD•f |Aura| ion Data • 

"Pescr |p t |on" ;  TAR(?2); "VaLue" 
• . . . . . . . . . . .  • ;  TAB(TO); a . . . . . . . . .  • 

"N|ra O t l m t l l r  ( | n o b e l ) • ;  TAB(70); 

USING • m N ~ . M ' ;  Uir~|~l 
• Junct ion O i m t e r  ( | nch l l s ) " ;  TAIl(70); 

USING • t l N ~ # . ~ " ;  dur~t |or lDf i fd 
mtn luLat ion Thick•ella ( i nches) " ;  TAIl(70); 
USING • ##iI.#t~M~'; InsuLTh|ckl 

% ~ R t h  of  i lare V| re  Next to JUnCt|on ( |nches} " I  TAB(70); 
USING • gL~Lf.I~M~I"; Are| lLnml 
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PRINT # I ,  
PRINT # I ,  
PRINT #1, 
PRINT #1, 
PRINT 11, 
PRINT #1, 
PRINT # l j  
PRINT #1, 
PRINT #1, 
PRINT #1r 
PRINT #1, 
PRINT #1, 
PRINT #I ,  
PRINT # I ,  
PRINT #1, 
PRINT #1, 

"Length of Bare Wire Heat to Reference Junction (thebes)"; TAD(70); 

USING " #IW.IMW/"; AralK, Lenl 
"Total Length Of Thermoco~gto ( inches) ' ;  TAB(TO); 
USING "N~N~.JW • ;  YotstLen! 

"Nest Trwlafar Coeff ic ient  St Jur~ttcma; TA#(70); 
USING •NN~/./MI • ;  JunctionHTI 
"Heat t ra r4 fer  Coeff ic ient In Area 1"; TAN(70); 

USING "IIWlM./~ " ;  AreolNTI 
• Neat Tranefm" Cooff ic iant in Mroe 2"; TAN(70)$ 

USING "IlMW#.N ";  Arla~.NTI 
"Neat Transfer Coeff ic ient in Area 3"; TAN(70); 
USING ~NMl.#m . ;  AreI~HTI 
" ~ t  l r e n s f ~  Coeff ic ient  tn Aroe &"; TAB(70); 
USING "/~W/.## i ;  Area&HTI 

[ f  PtungeZ THEM 
PRINT #1, " In iTiaL T m r s t u r o  IF)" ;  TAN(70); 

USING " IlkU.m " ;  StartTmp! 
• Bath Temperature IF)" ;  TAB(TO); 
USING " #~I.IM m; RathTempl 
• [Iomtraten LMlgth ( inches)"; TANiTO); 

USING " #N.S# ";  ImmrseLanl 

PRINT #1, 
PRINT #1, 
PRINT #1, 
PRINT #1, 
PRINT #1, 

ELSE 
PRINT # I ,  " | n l t i eL  (Beth) Temperature (F)";  TAB(TO); 
PRiwr # l j  USING • fNMI.IM ";  S t a r t T ~ l  
PRINT #1, Igurrent  AppLied ( m ) " ;  TABC70); 
PRINT #1, USING " ~ . ~ 1  . ;  a r i s e !  
PRINT #1, •Length of T | N  Current Nee AppLied (see)n; TAB(~) ;  

PRINT #1, USING " ~M.MI • ;  TimOfAppticst lanl 
PRINT #1, •Thor#me:supra Length tn Test Area (Inchetl)•; TNI(?O); 
PRINT #1, USING • Sdg.IM o; LaninTeeUtresl 

ENO IF 

PRINT #1r 
PRINT #1r "Nmlk)er of Data PotntSm; TAB(71)); 
PRINT #1, USING .#1#1 ";  IknttsS 
PRINT #1, nTiwe Interval  ietu~i~n Data Points (sac)N; TA#(70); 

PRINT #1e US[NG • # IM.N m; OatuYinml 

PRINT #1, 
PRINT #1, UTime Constant by Curve F i t t i ng  (see)n; TAll(70); 

PRINT #1w USING N #l~.####"; TINECON 
IF PtungeX THEN 

PRINT #1, "Time Comtant at 63.2Z of Final VaLue (sac)a; TAN(70); 

PRINT #1, USING • dd#.Jddde; TIMER1 

ENO iF 

CLOSE 

END SUB 
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APPENDIX C 

Aerospace Applications of Thermocouple Response Time 
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The following report is documentation of a formal survey completed for AEDC to ensure that 

there is a viable need for LCSR in the aerospace community. 
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SUMMARY 

This report presents the results of a technical survey conducted to establish that there is a 

valid need in the aerospace Industry for a capability to measure the response time of 

thermocouples as installed in operating processes. This survey has provided objective evidence 

to justify the continuation of a Phase II project being conducted by AMS under the Small Business 

Innovative Research (SBIR) Program for AEDC. The project is concerned with adaptation of the 

Loop Current Step Response (LCSR) technique for in-situ measurement of response time of 

thermocouples in aerospace applications, The project has been approved and work was initiated 

and continued until November 1988 when the need for this survey was identified, The survey was 

completed in May 1989 with overwhelmingly positive results. Consequently, AMS is requesting 

that the project be continued to completion as was originally proposed, 

This report also presents a demonstration of work which has been completed at AMS to verify 

that small current levels can be used to perform the Loop Current Step Response (LCSR) test, 

This point is addressed in direct response to a recent concem expressed by AEDC with respect 

to high current levels (up to 5 amps.) that have been used in the past. We have shown that with 

proper analog and digital signal conditioning, the LCSR test is feasible with current levels of less 

than 0.5 amps. 
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1.1NTRODUC~ON 

Phase I of the SBIR program regarding the determination of installed thermocouple time 

response has been successfully completed by AMS and the resulting report ('~ has been published 

by AEDC, A follow-on Phase II research program was approved and work was initiated and 

continued until November of 1988, when AEDC requested a validation of the need for this 

technology in the aerospace community. The validation has been successfully completed as 

reported herein. 

The validation procass involved contacting about 50 technical personnel in the aerospace 

community. Personnel contacted were from government facilities and the aerospace industry. In 

addition to telephone responses, a survey package was mailed to all who were contacted. A 

review of the recent literature in the area of time response of thermocouples has been completed 

in addition to the survey. 

2. TELEPHONE SURVEY 

An effort was made to identify the individuals who might have an interest in the time response 

of thermocouples. We contacted several major aerospace organizations and government 

laboratories involved in aerospace and instrumentation work. A list compiled for us at AEDC was 

the best source of knowledgeable people we could find and it was used extensively. Several who 

were contacted had worked in the technical area several years ago and now hold management 

positions. All of them were positive about completion of the work, but passed the survey along 
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to people in their organization who were currently active in related technical areas. Only one 

individual indicated that he was not interested in seeing the work completed. His reason was that 

he had not found thermocouples useful in his work which was very high temperature where the 

thermocouple would melt. Otherwise, the telephone survey was overwhelmingly positive. 

3. wRrrrEN SURVEY 

All individuals contacted by telephone were sent a written survey package to assess whether 

they believed the LCSR technique was feasible, had promise in aerospace applications, and had 

any application in their current work. A summary of the response to the various questions along 

with individual comments is given in Appendix A1. Highlights of the summary include the 

following: 

g5% of the respondents believe that in-situ measurement of thermocouple time 
constant offers improved accuracy. 

95% of the respondents believe that the Air Force needs to be involved with 
this type of study. 

65% of the respondents indicated that they knew of a specific application 
where the LCSR technique might prove valuable. 

g0% of the respondents recommended that the Air Force should complete the 
program. 

Two of the written responses are discussed below in more detail. 

Mr. Gus Fralick of NASA-Lewis indicated that "the LCSR technique was rejected in a study by 

240 



AEDC-TR-91-26 

Pratt & Whitney "~.  Dr. Wl S. Johnson, a Professor of Mechanical and Aerospace Engineering 

and a consultant to AMS, has reviewed the reports in question and has indicated that the 

objective of the Pratt & Whitney study was to develop a high-temperature, fast response probe, 

while the LCSR technique is for measurement of the time response of existing thsrmocouples. 

His report to AMS is given in Appendix B1. We contacted Mr. Fralick on June 5, 1989 by 

telephone and discussed the results of our review of his reports. He agreed that there are 

aerospace applications where LCSR has a good place In spite of the work that has been 

completed at Pratt & Whitney. 

Mr. Brian Bennett of McDonnell-Douglas Ai,'cratt was especially positive regarding the 

completion of the research project. He Indicated that he is currently involved in similar efforts to 

measure tharmocouple response time in-sltu for use in the development of a transient enthalpy 

probe for AEDC. A summary of the enthalpy probe concept and its relation to the LCSR 

technique is given In Appendix C1. 

4. LITERATURE SURVEY 

Based on our review of the available technical literature, it is apparent that more future 

research efforts will be undertaken in the area of thermocouple dynamic response. The ever- 

present need for better information to allow closer tolerances, higher performance, safety, and 

quality improvements require more reliable data and tighter specitications, which, in turn depend 

upon proven, reliable data. A sample of information from literature follows. 

• Gray and Thompson ~, state that "There Is a clear need for measurement of the 
time constants of typical thermocouplas over a wide range of experimental 
conditions." They reported success using a technique similar to the LCSR for 
application of temperature measurement in the Ignition of combustible material. 
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Johnson and Stalnback ~ have measured the rapidly varying temperature of 
temperature "fronts" in a cryogenic wind tunnel due to the injection of liquid 
nitrogen. They made use of a hot wire type resistance thermometer for the 
measurements. 

Ladson and Kilgore ~ discussed instrumentation for calibration and control of 
a continuous flow wind tunnel and Indicated a specific need for a thermocouple 
with known rapid response time. 

Glawe and Holanda ~ have reported an extensive study to determine 
thermocouple time constants for gas flows using conventional techniques. They 
have provided empirical equations to predict time constants in terms of 
thermocouple size and flow conditions. 

Warshawsky ~ has indicated from results of his work at NASA-Lewis that there 
are instances in cryogenic enginasring where the time constants of 
thermometers must be known. He has noted that too fast of a response in 
some cases is dangerous. It is better to use thermometers with moderate 
response times (but measure the response time and correct from it) than to use 
a fast thermocouple with a negligible response time. This is because the output 
of very fast thermocouplas is accompanied by extraneous high frequency noise. 

The text of the above papers are available at AMS. 

5. PERSONAL COMMUNICATIONS 

At the 1989 ISA Aerospace Division Symposium held in May, 1989 in Orlando, Flodda, an AMS 

paper entitled, "ln-Sltu Response Time Tasting of Thermocouples "~ was presented based on the 

work completed during the program to date. At least 10 persons present at the symposium were 

personally asked, and all responded positively to the work and the need for its completion. Of 

particular note were discussions with Dr. Bob Moffat and Dr. Bob Abemethy, both of whom were 

present for the presentation and were positive about the usefulness of this project and the need 

242 



AEDC-TR-91-26 

in the aerospace industry. Dr. Moffat indicated that the work should be completed noting that the 

cost was small compared to the potential benefits. He pointed out that the technique may not 

work for perforated thermocouples but will work for other types of thermocouples in usa in 

aerospace applications. 

6. POTENTIAL AEROSPACE APPLICATIONS 

Some specific potential applications of the LCSR technique for aerospace work that we have 

uncovered ere given below: 

Jet Enpine Testin¢ 

During engine throttle transients, thermocouples are used to monitor the gas 
temperature to enable gas properties to be tracked and to determine the 
condition of the air supplied to cool the turbine blades. Mr. Jerry Wood of 
Pratt & Whitney Aircraft is currently working on specific techniques to measure 
the response time of these thermocouples in-situ and feels that the LCSR test 
has a good potential. 

Several respondents referred to a situation that occurred several years ago 
involving gas ingestion from fired rocket motors by the engine inlet as an 
application where the LCSR technology could have been valuable had it been 
available at the time. 

Rocket Engine Testing: 

There is a current test program involving solid rocket motors and there is 
general agreement that the quality of the available data base is inadequate. 
Most of the thermocouples of interest are buried in the solid fuel and the time 
response is not known in-situ. Neither is the quality of the bond between the 
thermocouple and the solid fuel. The following people specifically mentioned 
this as an application for the LCSR technique: J. L. Howard of Boeing 
Aerospace who is currently involved in the project, Steve Lanius of Morton- 
Thiokol who worked on an earlier phase of the problem and Joe Zimmerman 
who is the technical monitor for the contract at NASA/MSFC. 
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Miscaganeous: 

An application that we had not considered previously was suggested by Dr. 
Peter Dean of Lockheed. They are interested in the quality of the bond 
between a thermocouple and structural member so that the thermocouple 
output is indicative of the temperature transient of the member itself when it 
is exposed to high energy transient flows. Once installed, the thermocouple 
is buried within the member and not available for inspection. A technique 
such as LCSR could be used to verify the continuing integrity of the bond. 
This application also relates to the solid rocket motor testing as described 
above. 

Several other applications were mentioned by respondents. They include 
wind tunnel use, verification of mathematical correlations, testing of thin film 
heat transfer probes, aerodynamic measurements, etc. 
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APPENDIX A1 

Summary of Survey Results 
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SURVEY RESULTS. 

Response ~me Testing of Thermocouples 
(SBIR Phase II Project for AEDC) 

June 1, 1989 

. 

. 

. 

The purpose of the survey was to determine if there is adequate technical interest in the 
aerospace community to merit completion of the project, 

The survey was done by mailing a questionnaire to individuals suggested by AEDC and 
a few other technical individuals in the aerospace community. The questionnaire 
consisted of ten general questions. The participants were provided with a technical 
paper about the project and were asked to complete and return the questionnaires to 
AEDC, 

Twenty-two people returned the questionnaires (more than 50% of those surveyed 
responded by returning the quesUonnaire). The results are summarized in three tables 
given in the next few pages. 

Page 1 of 6 
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TABLE 1 

SURVEY RESULTS 

Questions Asked 

1. Do you believe that in-situ measurement 
of thermocouple response times offers 
improved accuracy over bench tests? 

. Do you believe that the Air Force should 
encourage research efforts in the area of 
thermocoupie dynamic response? 

. To what extent do you think that a 
development such as the LCSR technique" 
can benef'~ the Air Force and other 
aerospace activities? 

4. Do you have or know of any current or 
anticipated applications where the LCSR 
technique might prove valuable? ff so, 
please deacdbe. 

5, ff this project should result in an 
instrument that can be purchased to perform 
the LCSR test, do you think that there would 
be any interest in the aerospace industry? 

6. ff you anticipate a need for a LCSR instrument, 
do you have any recommendations on how the 
instrument may be configured of any special 
specifications? 

7. Based on the information offered heroin, 
do you recommend that AEDC complete the 
project to develop the LCSR method for 
aerospace and other applications? 

. Is it likely that this capability would 
find application elsewhere in addition to 
AEDC? 

. Do you know of any other efforts that have 
been made to identify the response times of 
thermocouples in aerospace or other applications?. 

10. Additional Remarks (if any) 

RESPONSES 
Positive 

95% 5% 
No Response 

0 

95% 0 5% 

65% 5% 10% 

65% 35% 

9O% 5% 5% 

N/A N/A N/A 

9O% 10% 0 

9O% 5% 5% 

N/A N/A N/A 

3O% 70% 
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TABLE 2 

SUMMARY OF REMARKS 

Participant 
Name Nfillatfon 

G. Fralick NASA-Lewis 

R. Wakefield NASA-Ames 

B. Hanson NASA.MSFC 

S. F. Edwards NASA.Langley 

K. Daryabeigi NASA-Langley 

R. Jacobs AFWAL 
Wdght Patterson 

Remarks 

Suggested looking into work done by Pratt & Whitney. 

negative response 

'The LCSR method would prove valuable because certain 
test programs in turbomachinsfy and engine chambers require 
temperature measurements of high 'response' charactedatlcs. 
SRM and SSME NCE e~amples, both cyrogenic and high 
temperature ranges.' 

• 1 don't know about AEDC, but Marshall Space Flight Center 
would probably have applications for Uds thermocouple 
calibration technique.' 

'The LCSR technique can benef'~ the Air Force and other 
aerospace activities by more accurate, better prediction of 
actual thermal measurements." 

• The LCSR method would prove valuable In aerospace wind 
tunrml temperature measurements." 

'Funding of any viable method of determining in-situ response 
times of thermometers is recommended." 

• NASA Langley is interested In this application." 

• The LCSR technique can benefit the Air Force and other 
aerospace activities by rapid, in.sarvica operation and 
recal~ration." 

R. McKanzle NASA-Ames 

J. Zimmarman NASA.MSFC 

No significant comments, although answered positively to all 
questions 

'The LCSR technique has the potential for verification of 
dynamic sensor response for correlation to mathematical 
predictions.' 

'The LCSR technique could have been valuable to verify 
proper instell~on of lharmocouples in S. ld  Rocket Motor 
Nozzle appllcaticas (intimate surface contact).' 

continued on next page 
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Participant 
Name 

A. Luper 

E. R. Subbarao 

E. Pauly 

R. Dieck 

J. Wood 

J. L Howard 

P. Dean 

B. Bennett 

Affiliation 

NASA - 

Lockheed 

General Electric 

Pratt & Whitney 

Pratt & Whitney 

Boeing Aerospace 

Lockheed 

McDonnell Douglas 

Remarks 

• Any facility making dynamic temperature maesumments, 
under difficult conditions could use this (technique).' 

'The aerospace community would benefit greatly from the 
LCSR technique,' 

'1 foresee the ability for use (of this application) in any 
thennocoupie application." 

• The LCSR technique would have been useful in the past 
during F-18 Inlet temperature distortion flight tests to evaluate 
time response of inlet measurements.' 

"The LCSR technique can benefR the Nr Force and other 
aerospace activities in temperature measurement involving 
aerodynamic studies.' 

'The LCSR technique can benef'd the Air Force and other 
aerospace activities by improvements in low cycle fatigue and 
transient operation of jet engines,' 

'The LCSR technique would prove valuable in transient 
measurement of turbine blade cooling =dr and thermal spike 
measurement of jet engine rocket gas Ingestion and rocket 
engine ignition." 

'The testing of solid rocket motor nozzles and materials 
requires Imbedding thermocouples in the composite material 
matrix to meesum temperature. This Information is used to 
determine thermal stress, recession rate and other modal 
parameters. Accurate wod( requires response time data," 

'1 recommend that AEDC complete the project especially if 
the work can be related to thennocouples imbedded in solid 
materials (as opposed to being inserted in fluids)." 

• The LCSR technique can benefit the Air Force and other 
aerospace actives by validation of structural thermal response 
of transient high energy flows.' 

'The LCSR technique would have significant benefit to the 
Air Force and other aerospace activities." 

• The LC~R technique might prove valuable to the USAF AEDC 
Transient Enthalpy Probe." 

continued on next page 
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Partlcioant 
Name Affilletion Remarks 

M. Langley Gerrett Engine 
Division 

C. Wilkins EG&G Idaho 

D. Pitts Univ. of Tenn. 

A E. Arave EG&G Idaho 

S. Vosen Sendia Net'l Labs 

T. Wang Thermo Electric Co. 

• This (I.CSR technique) could be a significant aid in transient 
testing." 

'The LCSR technique provides a highly useful technique for 
data that cannot be reliably obtained by other methods.' 

'This (thermocouple dynamic response research) is essential 
to improved experimental work in high speed gas flow.' 

• it would appear that the LCSR technique affords an excellent 
approach to improvement in accuracy of trensient temperature 
measurement." 

'Many installations should use this technique (over the bench 
tests)." 

'(The LCSR technique) has the capability of increasing the 
efficiency of experimenters by identifying problems and 
caiibreting without disassembly of experiments." 

'1 think that this method would also be useful in the calibration 
end testing of thin film heat transfer probes." 

"1 would think that any experiment that has therrnocouplas 
imbedded in a large devise, or has an Inaccessible 
thermocouple, would benefit from this method. Even where 
measurements ere being made of steady state temperature, 
this method could be used to test the operetion of the 
thennccouple.' 

'(This method) would be beneficial for those who need 
accurate data obtained under actual operating conditions. 
It would save the expenses in building equipment in the 
laboratory to simulate actual conditions.' 
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TABLE 3 

SURVEY PARTICIPANTS 

Nam_..._~e 

1. G. Fralick 
2. R. Wakefield 
3. B. Hanson 
4. S.F. Edwards 
5. K. Daryabeigi 
6. R. Jacobs 
7. R. McKenzie 
5. J. Zimmerman 
9. A. Luper 

10. F_ R. Subbarao 
11. E. Pauly 
12. R. Dieck 
13. J. Wood 
14. J. L Howard 
15. P. Dean 
16. B. Bennett 

17. M. Langley 

18. C. Wilkins 
19. D. Pitts 

20. A. F_ Arave 
21. S. Vosan 

22. T. Wang 

Govemrnent Facilities 

Affiliation 

NASA-Lewis 
NASA-Ames 
NASA-MSFC 
NASA-Langley 
NASA-Langley 
Wdght Part. 
NASA-Ames 
NASA-MSFC 
NASA.WSTF 

T~Je 

Engineer 
Asst. Branch Chief, Thermophysics Facil'cles 
Engineer 
Head, Themla~ InsL Seclion 
Aerospace Technologist 
Electronics Engineer 
Research Scientist 
Supervisonj Electronic Enginee" 
Electrical Engineer 

Aerospace Industry 

Lockheed 
GE 
Pratt & Whitney 
Pratt & Whitney 
Boeing 
Lockheed 
McDonnell 
Douglas 
Garrett Engine 
Division 

Research Sdentist 
Manager, Sepemble Instrumentation Engineering 
Senior Project Engineer 
Engineering Specialist 
Principal Engineer 
Research and Development ,Scientist 
Senior Engineer 

8r. Data Validity Engineer 

National Labs & Universities 

EG&G Idaho 
Univ. of Tenn. 

EG&G Idaho 
Sandia Labs 

Senior Scientist 
Professor and Heed 
Mechanical and Aerospace Engineering 
Engineering Specialist 
Technical Staff 

Other 

Thermo Electric 
Company 

Manager of Thermometry Research 
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APPENDIX B1 

Evaluation of Pratt & Whitney Report 
on Thermocouples for NASA-Lewis 

255 



THE UNIVERSITY OF TENNESSEE 
KNOXVILLE 

AEDC-TR-91-26 

V 
CoI~ of 

Engi~ring 

Mechanical and 
,~.ospace 

Engineering 

May 26, 1989 

TO: H. M. Hashemian 

FRCM: Dr. W. S. Johnsc~ 
Professor of Med~anical l~ineering 

~B/ECT: R~view of NASA CR-168267 and NASA CR-179513 
with specific attention to how they relate to the IESR 
~a~niqus as ~ ~y g~ 

Per your request, I have re~ie~ed the above re~. It 
is ~ mn~msTamIL~ that Mr. Fra~ic of ~A thought 
that this work had evalusted and rejected the ICSR 
technique. This is not the case at all, and m~ 
~lusi~ns are briefly sma~rized ~_Iow: 

~ae ob jec t ive  of  the  above repor t s  was to  dev~op  a new 
~ c ~ - ~ p e r a ~ e ,  ~ast response t ~ p e r e ~ r e  m a s u ~ e e ~  
s y s t ~ .  ~ i s  c c e ~ e t e l y  c K f f e z ~ t  from ~ e  
c ~ e c ~ v e  of  t he  app l i ca~on  of  the  ~ 
whi~ is to ecaluate the time ~ of existing 
temperature probes for all ranges of temperature and 
time ~ .  

In the NASA w~rk, an effort was made to measure the 
time response of a ther~e using a pulsed loc~ 
current to ~ a periodic temperature-time function 
having an amplitude of 500 K and frequencies up to 
i000 Hz. Difficulties ~ in the f ~  c~Ycrol 
circuit ~ich ~as requi~ to m/main the desired 
taK~erature amplitude and in the switching circuit 
which was ~ to proa=e the high frequency of 
pulses. ~he lazlse ~ ~s rejected chle to the 
difficulties of circuitry mentioned above. It is noted 
that the ICSR tedmiqus does not use a lazlsing 
technique and uses a single step ,of low 
amplitude so that these criticisms ao not extend to the 
IESR tedmique. 

Ln smam'y,  no ~ i s  l m m e n t ~  in  these  r q : o r t s  
that would allow ere to reject the IESR technique for 
the measurement of time ~ of 

414 Dougher':7 Engineering Building,'Knc~ville, "l~nnessee 37996-2210/(615) 974,-5115 
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APPENDIX C1 

Review of Information 
About Enthalpy Probe 
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May 31,1989 

TO: H. M. Hashemia~ Z . j" 

FROM: Stan Johnson,.~24" 

SUBJECT: Review of the "Enthalpy Probe report", AEDC-TR-88-1 

The enthalpy probe has been developed to measure the enthalpy of 
high temperature plasmas by a method whereby total pressure and 
mass flow rate are the only quantities to be directly measured 
and the resulting enthalpy is calculated from these values. 
En~halpy is frequently as important and sometimes more important 
to know as is temperature. Of course, if accurate specific heat 
values are known, one may be determined from the other. 

The probe operates by pulling a sample through a flow channel 
where it is cooled and it's mass flow determined by pressure and 
temperature measurements, which are used along with the total 
pressure measurement at the probe inlet to determine enthalpy. 
The probe is swept across the flow channel (rate unspecified) so 
that all measurements are made under transient conditions, 
although the basic equations utilized are steady state. This 
necessitates a time compensation between measurements made at the 
inlet and exit of the probe to eliminate the time delay effect. 

The sonic nozzle concept is a good one because flow rate can be 
determined in terms of only pressure and temperature. After the 
stream is passed through a heat exchanger and cooled down to 
below 500 F, a thermocouple is used to measure the temperature 
and a standard transducer is used for pressure measurement. 

Of particular interest to us is the method of determining the 
time constant of the thermocouple. The technique used both 
empirical equations and a modified LCSR experimental technique. 
Although the details are quite sketchy, the procedure involved 
heating the thermocouple junction with a power supply, then 
switching to the data recording circuit and simultaneously 
switching on the flow. They did not do this procedure under 
actual operating conditions because the time available was too 
short and conditions were unsteady. Tests were done with the 
thermocouple mounted inside the probe, however. They have 
reported good agreement between this technique and the empirical 
information to determine time constants. Using this information 
regarding time constant, they managed to compensate the probe for 
the time delay between measurements at the probe inlet and exit. 

There is significant uncertainty regarding the accuracy of this 
probe due to considerable fluctuations of the plasma flow when 
efforts to calibrate the results were attempted. Also, there is 
no standard measurement probe currently available. About all 
they could do was to state that results were reasonable based on 
some overall projections. 

261 



AEOC-TR-91-26 

APPENDIX D 

Field Testing of the LCSR Technique for Thermocouples 
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Enclosed in this Appendix Is a report sent to the Lockheed Aeronautical Systems Company 
concerning laboratory end field tests of thermocouples for the Solid Propulsion Integrity Program. 
The information enclosed herein is a typical example of an application for thermocouple LCSR. 
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ANALYSIS AND 
MEASUREMENT SERVICES 

CORPORATION 

9111 CROSS PARK DRIVE NW I KNOXVILLE, TN 37923-4,599 i (615) 891-17,56 

Re~ort No. LAC9001~0 

To: Dr. Pe t e r  Dean 
Lockheed Aeronaut ica l  Systems Company 

From: Kent K. Pe te t sen  

Date: February  20, 1990 

Sub j e c t :  Labora to ry  and F i e l d  Tes ts  o£ Thezlnocouples 
l n t e g r $ t y  Program 

fo r  So l id  P ropu l s ion  

D~Zg~UgLT~S 

A na lys i s  8 ~  Measurement Se~vices Corporat£on (ANS) performed response  time 

t e s t s  on s e v e r a l  thermocouples f o r  Lockheed Aeronau t i ca l  Systems Coupany. These 

t e s t s  were performed fo r  a proKram c a l l e d  "So l i d  Propuls ion  I n t e g r i t y "  sponsored 

by NASA. The work desc r ibed  £n t h i s  r e p o r t  p e r t a i n s  to  the use o f  r.~ormocouples 

go t  t r a n s i e n t  temperature  measurements made i n s i d e  the nozz le  m a t e r i a l s  used in  

s o l i d  f u e l  r o c k e t  engines .  The purpose o f  these  t e s t s  was to  demousL-£ate the  

u s e f u l n e s s  o f  the Loop Current  Step Response (LCSR) mer.~tocl f o r  4 n - s i t u  

measurements o f  ~ermocouple  response t ime.  More s p e c i f i c a l l y ,  Lockheed i s  

i n t e r e s t e d  i n  u s i n  K the LCSIt method as a means o f  checkin K the i n s t a l l a t i o n  

l n t e g r i ~ y  o f  thermocouples when used in  s o l i d  m a t e r i a l  be fo re  and a f t e r  h igh 

t e m p e r a t e  t e s t s  o f  the m a t e r i a l .  Fur thermore ,  Lockheed i s  i n t e r e s t e d  in  

r e sponse  t ime e s t ima tes  f o r  the thermocouples while the t e s t  o f  the  s o l i d  

m a t e r i a l  i s  in  proKress .  
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DESCRIPTION OF ~0Ri~ 

Two ser ies of  tests were performed. The f i r s t  Cesta were perforaed at  A~5 

w i th  two thermocouples provided by Lockheed. These tests were performed to 

es tab l i sh  =he capab i l i t y  of  the LCS~ me=hod fo r  measurins r.he response t i e  of  

Chermocouples i ns ta l l ed  in  the nozzle mater ia l .  The second series of teats were 

performed at the "Arc JeC F a c i l i t y "  of NASA's |Lzrshal l  Space FIlKhc Center in  

Hunts~rtl le, Alabama. At =his £ac i l i cy ,  the so l i d  mater ia l  is exposed Co a high 

temperature using an Arc Jec f a c i l i t y .  The purpose of  the r e s t s  reported herein 

was Co v e r i f y  whether  or not  the thermocouples remain in  p lace  and i n t a c t  duzing 

the  f i r i n g  p rocess  and Co ob ta in  an e s t t = a c e  f o r  tha response =taes o f  =he 

thermocouples  dur ing  f i r i n g .  This was accomplished by making response  time 

measurements on Chase thermocouples b e f o r e  and a£cer  f i r i n g .  

The r e s u l t s  s u c c e s s f u l l y  demons=raCed =he capab i l lCy  o f  =he LCSR method Co 

p rov ide  tme f u l  In fo rmat ion  about the i n s t a i l e d  response c h a r a c t e r i s t i c s  og =he 

the~mocouples t e s t e d .  

~KSCRIPTTON OF T ~  LCSR ~THOD 

The LCSR aechod involves  supplying an e l e c t r i c  c u r r e n t  through =he 

Chermocouple l e ads .  The c u r r e n t  hea r s  =he chermocouple co an e l evaced  

Cemperacure s e v e r a l  degrees  above =he ambient tempera ture .  The h e a t i n g  c u r r e n t  

i s  =hen sCopped and =he output  from =he chermocouple i s  montcored as tC coo l s  

back co che m:bienc tempera ture .  This c o o l i n  K t r a n s i e n t  i s  Cheu ana lyzed  co 
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i d e n t i f y  t h e  t ime  c o n s t a n t  o f  the  chermocouple .  The v a l i d A t y  o f  the  LCSR method 

f o r  i n - s i t u  r e s p o n s e  t ime  t e s t i n g  o£ i n s t a l l e d  che rmocoup l e s  has  been  e s t a b l i s h e d  

by  AMS u n d e r  a p r o j e c t  f o r  the  U.S.  A i r  Force  s p o n s o r e d  by  Arnold  EnK£neer tn  K 

Deve lopmen t  C e n t e r  (AEDC). 

LABORATOIIY TESTS AT AMS 

T~sbora tory  t e s t s  v e r e  p e r f o r m e d  on tvo  t y p e  l~ grounded J u n c t i o n  

: h e r z o c o u p l e s  p r o v i d e d  by  Lockheed.  Bo~h t h e r s o c o u p l e s  had a s h e a t h  d i a m e t e r  

o£ 0 .020  i n c h e s  and were made o f  37 gage t h e r m o c o u p l e  w i r e .  Lockheed a l s o  

p r o v i d e d  a t e s t  £ i m t u r e  o£ "Carbon P h e n o l i c "  m a t e r i a l  a p p r o x i m a t e l y  3 /4"  x 3 /4"  

x 2 3 /4"  a s  shown i n  F i gu re  1. Th is  b l o c k  i s  a s e c t i o n  o f  a l a r g e =  p£ece  v h i c h  

had  p r e v i o u s l y  b e e n  exposed  co s h i g h  t e m p e r a t u r e  on one s u r f a c e  ( i n d i c a t e d  b y  

" F i r e d  S u r f a c e "  i n  F i g u r e  I ) .  Th i s  h i g h  t e : p e r a c u r e  exposu re  r e s u l t e d  i n  two 

d i s t i n c t  a r e a s  o f  m a t e r i a l  s e p a r a t e d  by  a t r a n s i t i o n  zone .  Tvo h o l e s  had  b e e n  

d r i l l e d  i n  t h e  t e s t  b l o c k  - one i n  each  o f  t h e s e  d i s t i n c t  a r e a s .  Hole  #1 i s  

l o c a t e d  i n  t h e  p o r t i o n  o f  the  b l o c k  avay  f rom the  f i r e d  end o f  the  b l o c k .  Hole  

#2 i s  l o c a t e d  n e a r  t he  f i r e d  s u r f a c e  o f  the  b l o c k  i n  t he  a r e a  o f  the  b l o c k  t h a c  

yes affected by the elevared ce:peracures. It vas also noted chac hole #2 seemed 

rougher than hole #1 upon £nsertlon of the chermocouples. The Cvo thermocouples 

vere each tested in both of chase two holes. 

The : vo  thermocouples were ~sgged ~ 1  and LC#2. The f i r s t  tess performed 

on the the:mocouples was a plunge t e s t .  The plunge t e s t  i s  a d£rect  measurement 

o f  the response t ime o f  a sensor under known cond i t i ons .  I n  th£s t e s t ,  the ~ o  

| 
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AUS-OWO 1HC008#, 

Hole #2 

Ho,e., ~Z_- J l  

~ / 7 ~ j j j  / 

Transition Zone 

I 
Fbed $u~ace 

Fisure  1. Carbon Phenolic Test  F ix tu re  
For L a b o r a t o ~  Tes t s .  
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che rmocoup les  were  f i r s t  h e a t e d  above room t s s p e r a t u r e  and t h e n  i n s e r t e d  i n t o  

room t e m p e r a t u r e  a i r  f l o w i n g  a t  a p p r o x i m a t e l y  3600 fpm t r a n s v e r s e  to  the  s e n s o r .  

The s e n s o r  t ime  c o n s t a n t  was d e t e r m i n e d  by  e v a l u a t i n g  t h e  t ime  f o r  the  r e s p o n s e  

t o  c o v e r  63 .2  p e r c e n t  o f  t h e  t o t a l  span .  FiKure  2 shows t y p i c a l  p lunge  t e s t  

t r a n s i e n t s  f o r  b o t h  chermocouples  t e s t e d .  The p u r p o s e  o f  ch£s C u t  was to  

e s t a b l i s h  C.he r e l a t i v e  I n t r i n s i c  r e s p o n s e  t i m e s  o f  t he  two Chermocouples .  

Tab l e  1 shows the  r e s u l t s  o f  t h i s . c a s t .  

T a b l e  i .  ? lunge  T e s t  R e s u l t s  a t  Room T e u p e r a c u r e  
&i t  ¥ I o v i n z  aC 3600 f p u .  

Ice ,s  ~ Time C o n s t a n t  (sec~ 

1 LC#1 0.6 
2 LC#2 0.6 

Next ,  t h e  Chermocouples  were r e s p o n s e  t ime  t e s t e d  in each o f  the  two h o l e s  

i n  t h e  t e s t  f i x t u r e  us£n  K the  LCSR method.  T e s t s  were  p e r f o r m e d  ~riCh t h e  

t h e r m o c o u p l e s  f u l l y  i n s e r t e d  i n  the  h o l e s  as  w e l l  as  wi thdrawn a p p r o x i m a t e l y  

h a l f w a y  f r o m  t h e  b o t t o m  o f  the  h o l e  Co see  how chanKes i n  i n s t a l l a t i o n  a f f e c t  

r e s p o n s e  t i m e .  T a b l e  2 l i s t s  the  r e s u l t s  o f  t h e s e  t e s t s .  

LC#I 

LC#2 

T a b l e  2. Laboraco ry  LCSl T e s t  E e s u l t s  

Time Cons tan t  ( s e e )  
Hole #2 

14 2 
11 9 

11 1 
ii 3 

Conf i2u raCfon  

Fully I n s e r t e d  
Withdrawn Halfway 

F u l l y  I n s e r t e d  
Withdrawn Halfway 
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F i g u r e  2 .  T y p i c a l  P l u n g e  T e s t  T r a n s i e n t s  
F o r  LC#1 ( a b o v e )  a n d  LC#2 ( b e l o v ) .  
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The r e s u l t s  i n d i c a t e  t h a t :  

. 

. 

. 

Both thermooouples  a r e  f a s t e r  i n  h o l e  #2.  Hole #2 i s  the  one wi th  a 
rouKh s u r f a c e  i n  which we expec t ed  the  the rmocoup les  t o  have b e t t e r  
r e s p o n s e  t imes .  

The r e sponse  t ime changes  w i t h  i n s e r t i o n  dep th  o n l y  i n  h o l e  #2. This  
does  n o t  happen i n  h o l e  #1 because  the  h e a t  t r a n s f e r  i n  h o l e  ~1 i s  
o b v i o u s l y  so poor  t h a t  i t  does n o t  make much d i f f e r e n c e  how deep the  
t h e m o c o u p l e  i s  £ n s e r t s d .  

Hole #2 i s  p r o b a b l y  i n  a r e g i o n  o f  b e t t e r  h e a t  t r a r ~ f e : .  Zhac i s ,  ~.he 
Carbon P h e n o l i c  m a t e r i a l  may have  l o s t  some o f  i t s  i n s u l a t i o n  
p r o p e r t i e s  a f t e r  i t  was f i r e d  upon. 

YiKure 3 shows t ~ p i c a l  LCSI~ t r a n s i e n t s  £rom t e s t s  i n  h o l e  #1 where t h e r e  was 

no s i K n i f i c a n t  e f f e c t  due co i n s e r t i o n  dep th .  Note t h a t  t he  ~ o  t r a n s i e n t s  decay  

a t  a p p r o x i m a t e l y  the  same r a c e .  FiKure & shows s~mi l a r  d a t a  from t e s t s  i n  

h o l e  #2. The l a r g e  d i f f e r e n c e  between the  decay r a c e s  o f  the  LCSR t r a n s i e n t s  

i s  a p p a r e n t  i n  th£s  f i K u r e .  

Next ve  added a t he rma l  c o u p l i n g  m a t e r i a l  c a l l e d  NEVER-SEEZ t o  h o l e  #2 p r i o r  

t o  i n s e r t i n  8 the~mocouple LC~2. The purpose  o f  ~his  t e s t  was t o  demons t r a t e  

r e s p o n s e  t ime £mprovements when h e a t  t r a n s f e r  i s  improved i n  the  h o l e .  

I Never -Seez  has  e x c e l l e n t  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  ( a t  t e u p e r a t u r e s  below 

3000C) and i s  sometimes used  f o r  r e sponse  t ime improvements i n  thermowel ls  og 

t e m p e r a t u r e  s e n s o r s .  The r e s u l t s  og t e s t s  w i th  Never -Seez  (NS) a re  shown i n  

Tab le  3. The a d d i t i o n  og Never-Seez d id  no t  a£gecC the  r e sponse  t ime o£ the  

t he rmocoup le  whi l e  g u l l y  I n s e r t e d  in  ho le  #2.  Th~s r e s u l t  h e l p e d  v e r i g y  t h a t  

optimum c o n t a c t  be tween the  ~hermocouple and the  bo t tom o£ h o l e  #2 was ob ta4ned  

d u r i n g  the  t e s t s  ~ t h o u c  Never -Seez .  There was an inprovemenc I n  the  r e sponse  

rime a t  t he  h a l f w a y  wi thdrawn p o i n t  as expec t ed .  

l 
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Figure 3. LCSR Transients For LC#I 
Installed in Hole #I. 
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Figure 4. LCSE Translencs For LC#I 
Installed in Hole #2. 
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The ~ e s : s  p e r f o r s e d  i n  ~ e  l a b o r a t o r y  de sons~ ra~e  ~ha t  t he  I~$R r e s u I ~ s  a r e  

a good i n d i c a t i o n  o f  £ n s ~ a l l a t i o n  q u a l l ~ y  o f  ~he t h e r m o c o u p l e s  and ~he hea~  

t r a n s f e r  o h a r a c ~ e r i s ~ i c s  o f  ~he m a t e r i a l  i n  con~ac~ wl~h ~he ~hermocouple .  

Tab le  3. l s s p o n s s  T i s e s  in  Tes~ F ~ ' u r e  
V i ~ h a n d  ~ i t h o u ~  Never  Seez 

(Tag # ~  #2 i n  Hole  #2)  

Time C o n s t a n t  (sec~ 

F u l l y  I n s e r t e d  1 .0  1 .0  

Withdrawn Halfway 3 .0  0 .6  

T g s t s  a t  14srsha l l  Space F l ~ a h t  C e n t e r  

On DecemSer 12 and 13, 1989, Lockheed p e r f o m e d  a s e r i e s  o f  ~es~s  a~ t h e  Arc 

J e t  f a c i l i L  7 o f  K a r s h a l l  Space F l i g h t  C e n t e r .  One o f  ~he f i v e  t e s t s  p e r f o r m e d  

i n v o l v e d  p l a c i u  K f o u r  t he rm ocoup l e s  and a f i b e r  o p t i c  " I l g h t  p i p e "  b a s e d  

t e m p e r a t u r e  s e n s o r  i n  a c a r b o n  p h e n o l i c  t e s t  b l o c k .  The b l o c k  was t h e n  exposed  

Co ~he h i g h  t e ~ p e r a ~ r e  o f  ~he Arc J e t  w h i l e  C e u p e r a ~ e  d a t a  was a c q u i r e d  f rom 

t h e  f i v e  C e ~ e r a t u r e  s e n s o r s .  AMS p e r f o r m e d  r e s p o n s e  t ~ N  t e s t s  on t h e  f i v e  

Chermocoup les  b e f o r e  and a f t e r  f i r i n g  the  Arc J e t .  These  c o s t s  had  ~ o  p u r p o s e s .  

F i r s t  ~o compare  t h e  r e l a t i v e  r e s p o n s e  ~ e s  o f  t h e  f o u r  t he rmocoup le s  and s econd  

t o  i d e n t i f y  any  change i n  the  ~hermocouple  r e s p o n s e  t imes  as  a r e s u l t  o f  ~he 

f i r i n g  t e s t s .  F i g u r e  5 shows ~he 2" x 2" x 1" c a r b o n  p h e n o l i c  m a t e r i a l  i n  which  

~he c h e r m o c o u p l e s  and f i b e r  o p t i c  s e n s o r s  were  i n s t a l l e d .  Tab le  4 su~mar£zes  

t h e  c h a r a c t e r i s t i c s  o f  t h e  Chermocouples which were  u sed  £n ~h is  t e s t .  
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Y£gure 5.  Carbon P h e n o l i c  Tesc Block  For 
Tes t s  Performed ac Marshal l  
Space Center .  
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The f o u r  t he rmocoup le s  were  i n s t a l l e d  d r y  ( w i t h o u t  any t h e r m a l  c o = p l a n t )  

i n t o  t h e i r  r e s p e c t i v e  l o c a t i o n s  i n  t h e  t e s t  b l o c k .  AMS t h e n  p e r f o r m e d  r e s p o n s e  

t ime  t e s t s  o u t  he  t h e r m o c o = p l e s u s i n g  the  LCSRmethod.  The t e s t s  were  perfozmed 

on the bench prior to placing the test block in the Arc Jet assembly. 

Tab le  4. Thez~ oc oup l e s  Used f o r  M a r s h a l l  
Space Y l i g h t  C e n t e r  T e s t s  

J u n c t i o n  ~ e a ~  Wire L o c a t i o n  

1 MSF #1 Grounded 0.0200 37 1 
2 MSF #2 Grounded 0.0625 30 2 
3 MSF #5 Insulated 0.0200 37 3 
& MSF/~, Exposed 0.0200 37 & 

Note :  The l i g h t  p i p e  t he rmomete r  was i n s t a l l e d  i n  l o c a t i o n  #5. 

The t e s t  b l o c k  w i t h  t he  t h e r n o c o u p l e s  was t h e n  p l a c e d  in  t he  Arc J e t  t e s t  

assembly and was subjected to several temperature transients. Transient 

temperature data from the four thermocouples and the light plpe was acquired by 

Lockheed personnel durln K these tests. Problems were encountered during the 

f i r i n g  t e s t s  w i t h  the  s i g n a l s  f rom the  two grounded  J u n c t i o n  t h e r m o c o u p l e s  

(MSF #1 and  MSF # 2 ) .  The p rob l em  a p p e a r e d  to  have  b e e n  r e l a t e d  t o  e l e c t r i c a l  

c o n t a c t  b e t w e e n  the  grounded J u n c t i o n  t h e r m o c o u p l e s  and the  t e s t  b l o c k  as  w e l l  

as  b e t w e e n  t h e  t e s t  b l o c k  and the  c l a p  a s s e m b l y  which h e l d  the  b l o c k  i n  f r o n t  

o f  the  Arc J e t .  These  p rob lems  d i d  n o t  e f f e c t  t he  LCSIt t e s t s  s i n c e  t he  LCSIt 

t e s t s  were  p e r f o r m e d  on the  bench  w i t h o u t  Kround£nK the  b l o c k  i n t o  which  t h e  

t h e r m o c o u p l e s  were  i n s t a l l e d .  The f a c t  t h a t  t he  exposed  J u n c t i o n  t h e r m o c o u p l e  

(MSF #4) did not exhibit any problem durln K the firing tests indicates that the 
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measur£ng J ~ t £ o u  o f  the thermocouple was n o t £ n e o n t a c t w £ t h t h e  ins£de su r f ace  

o f  the t e s t  b lock .  

Agter  the  f i r £ n g t e s t s t m r e  completed,  t ~ e b l o c k  coo led  and removed f r o m t h e  

Arc J e t  assembly, A~Srepea ted r~eLCSR t e s t s  o n t h e f o u r t h e r m o c o u p l e s .  Table 5 

compares the  r e s t ~ t s  o f  the pro and p o s t - f £ r £ n g  response t~ae t e s t s .  

Table 5. Pro- and Post-YLTin s I~SZ Eesults 

T ~ a  Constant (see)  

I MSF #I 13 15 
2 MSF #2 23 18 
3 MSF #3 30 26 
4 MSF #4 31 23 

W£th the  except£on o f  ~ Y  #4, the  exposed Junc t ion  thermocouple,  the  t e s t  

r e s u l t s  i n d i c a t e  t h a t  the re  were no s i g n i f i c a n t  changes in the response  t imes 

o f  the  thermocouples  as a r e s u l t  o f  the f i r i n g  t e s t s .  The small d £ f f e r e n c e s  in  

the  r e s u Z t s  a re  due to  z e p e a t a b i l i t y  o f  the  I~SR t e s t  and s l i g h t  changes in  

r2~enocouple  i n s t a l l a t i o n  be fo re  and a f t e r  f£r£ng.  

The exposed Junc t i on  Chermocouple (MSF t~ )  m~y have been sh£f ted  in  p o s i t i o n  

in  the  t e s t  b lock  between the pre and p o s t - f £ r i n  s t e s t s .  Figures 6 and 7 show 

uyp£cal  LCSIt t rans£en~s f o r  both pro and p o s t - g £ r i n g  condit£ons f o r  two o f  the  

f o u r  r~ermocouples .  This includes  I~SR da t a  f o r  thermocouple #1 wh£ch d£d no t  

e x p e r i e n c e  a change, and thermocouple #4 wh£ch d id  exper£ence a change. 
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MSFC Thermocouple Tests 
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Figure  6. Pre and P o s t - F i r i n g  LCSK T r a n s i e n t s  For MSF #1. 
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MSFC Thermocouple Tests 
Tag # MSF-4 
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F i g u r e  7. P re  and P o s e - F i r i n g  LCSR T r a n s i e n t s  For  MSF #4. 
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Resoonse  Time R e s u l t s  Dur£ne F £ r i n e  

AHS u t i l i z e d  a s i m p l e  t h e o r e t i c a l  model o f  a t y p i c a l  tha rmocouple  t o  

e s t i m a t e  t he  r e s p o n s e  t i n e s  dur | .ng f i r i n g  c o n d i t i o n s  o f  t h e  f o u r  t h e r m o c o u p l e s  

u sed  a t  M a r s h a l l .  The a p p r o a c h  was to  e s t a b l i s h  t h e  model  p a r a m e t e r s  b a s e d  on 

the average of the pre and post-flrlng LCSE results. The effect of the elevated 

temperatures during the firing test was then applied co the material properties 

used in the model to estimate the response times under firing conditions. For 

t he  exposed  J u n c t i o n  t he rmocoup le  (KSF #~) ,  an  a d d i t i o n a l  a d j u s t m e n t  yes  made 

to  t h e  model  t o  a c c o u n t  f o r  r a d i a t i o n  h e a t  t r a n s f e r  b e t w e e n  the  J u n c t i o n  and t h e  

i n s i d e  v a i l  o f  t h e  t e s t  b l o c k .  The e s t i m a t e d  r e s p o n s e  t i m e s  f rom the  mode l ing  

effort are given in Table 6. 

T a b l e  6. Lesponse  T ines  o f  T h e r s o c o u p l e s  a t  
F i r i n g  Coudi t£ons 

Time C o n s t a n t  (see~ 

1 KSF #i Ii 
2 MSF #2 21 
3 MSF #3 28 
4 MSF #4 ii 

T a b l e  7 summar izes  t he  r e s u l t s  o f  the  t e s t s  p e r f o r m e d  a t  M a r s h a l l  as  w e l l  

as the modeling resul ts .  The conclusion is  that  except for ther~couple #4, 

there was no naJor changes in response tiues of the thermocouples due to firing. 

282 



AEDC-TR-91-26 

The response time es t ima tes  dur ing  f i r i n g  d id  noc show l a rge  response time 

~nprovemenCs. This Ls because c he response c£ue o f  chermocouples in  vell*mounced 

InsCallaClous such as the one used he re  i s  predominece ly  a f f e c t e d  by che heac 

t r a n s f e r  between ~he chermocouple neasur ing  J u n c C i o n a n d r h e v a l l  o f  the walI .  

T h e r e f o r e .  ~ha improvements in  haac t r a n s f e r  ac high tempera tures  i n  

Chermocouplee and i t s  surrounding m a t e r i a l s  a re  uoc l a rge  enough co show 

sLgnZfLcanc response C~me iaprovemenCs. 

Table 7. Summary 

T~ua f g ~ c a n c  Csec) 
I tem T a a e  Pre-Ft rLnz  ~ L ~ d ~ L . ~ . L ~  Pose YZrine 

1 MSI~I 13 II 15 
2 MSF#2 23 21 18 
3 MSF#3 30 28 26 
4 MSF*~ 31 ii 23 

q~ULLCONCLUSIONS 

Our ge ne r a l  conclus ion  regard ing  the use o f  the LCSR method i s  Chac the  method 

i s  u s e f u l  Co Lockheed in  the fo l lowing  a reas :  

1) To measure nhe r e l a c i v e  response c i ae  o f  d £ f f e : e n c  v /pes  o f  
rharmocouples LnsCalled in  r.he nozz le  , ,acer£a$.  

2) 

3) 

4) 

5) 

To v e r £ f y  chac Chermocouples a re  pcope r ly  i n s t a l l e d  f o r  optimum 
dynamic per fozuance .  

To determine vheche:  o :  noc the f i r i n g  or  ocher  Cases can 
change the bond£n g o f  the chermocouples r i c h  the  m a t e r i a l s  in  
which they are  imbedded. 

To i d e n t i f y  changes £n heaC Crans£er p rope :c£as  o f  the m a t e r i a l s  chaC 
a re  in  c o n t a c t  r i c h  chermocouples. 

To provide  b a s e l i n e  data  r e q u i r e d  to  escLautte the thermocouple 
response  t i ne s  ac f i r i n g  or  ocher p rocess  c o n d i t i o n s .  
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